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FOREWORD 
The  work  described  in  this  report  was  performed by the  Nuclear  Systems 
Programs  Department of the  General  Electric  Company  in  Cincinnati,  Ohio, 
under NASA contract NAS 3-10933. The  Project  Manager at General  Electric 
was Mr.  E. Schnetzer, and the NASA Project Manager was Mr.  J. P. Joyce, 
of the  Lewis  Research  Center  Space  Power  Systems  Division. 
The  study was performed  in two phases,  Phase I to  provide  basic  analysis 
of components  and  conceptual KTA designs  for  various  design  conditions 
(volume I), and  Phase I1 to establish one preliminary  design  meeting  specific 
design conditions (volume 11). 
General  Electric  was  assisted by two subcontractors:  The  Westinghouse 
Aerospace  Electrical  Division  in  Lima,  Ohio,  responsible  for  the  alternator 
design, and Mechanical Technology Incorporated i n  Latham, New York, con- 
tributing  bearing/rotor  response, as well as bearing and seal analyses. 
The  following  people  were key contributors  to  the work: at WAED, 
alternator design: A. E .  King, T. C. Allen, C. C. Kouba, J .  L. McCabria, 
and T. G. Studt; at MTI, bearing/rotor response: W. D. Waldron; at GE, 
turbine fluid design  and  thermodynamics:  Richard J. Rossbach and Gordon C. 
Wesling; mechanical design: Bluford L. Moor and Manfred 0. Schnetzer; 
materials support: E .  E .  Hoffman, W. F. Zimmerman, W. R. Young, and 
H. A. Williams. 
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I . INTRODUCTION 
Of t h e  v a r i o u s  p r e l i m i n a r y  d e s i g n s  g e n e r a t e d  i n  P h a s e  I o f  t h e  KTA 
Pre l imina ry  Des ign  S tudy ,  NASA s e l e c t e d  a t w o - s h a f t ,  f o u r - b e a r i n g  a r r a n g e -  
ment w i t h  e l a s t i c  c o u p l i n g  c o n n e c t i n g  t h e  t w o  s h a f t s .  O p e r a t i n g  s p e e d  i s  
19,200 rpm. A l l  f o u r  b e a r i n g s  are p o t a s s i u m   l u b r i c a t e d .   T h e   t u r b i n e  is 
s u b d i v i d e d  i n t o  t w o  spoo l s  and  equ ipped  wi th  condensa te  r emova l  dev ices  in  
t h e  c r o s s - o v e r  d u c t i n g  b e t w e e n  s p o o l s  a n d  i n  t h e  n e x t  t o  l a s t  r o t o r  b l a d e  
row o f   t h e   l o w - p r e s s u r e   t u r b i n e .   T h e   r o t o r   m a t e r i a l   s e l e c t e d  is  KDTZM 
molybdenum a l l o y .  The r o t o r  s t a g e s  are connec ted   by   cu rv ic   coup l ing   and  
p r e t e n s i o n e d  t i e  b o l t .  The t u r b i n e   s t a t o r  i s  t o  be   cons t ruc t ed   f rom 
w e l d a b l e  r e f r a c t o r y  materials such  as t a n t a l u m  a l l o y  T-111 a t  t h e  h o t t e s t  
p o r t i o n   o f   t h e   c a s i n g   a n d  Cb-1Zr a t  tempera tures   be low 1600'F. The a l ter-  
n a t o r  i s  of t h e  h o m o p o l a r  i n d u c t i o n  t y p e  g e n e r a t i n g  a l t e r n a t i n g  c u r r e n t  a t  
1600 Hz .  
1.1 SPECIFICATIONS 
The d e s i g n  s p e c i f i c a t i o n s  h a v e  b e e n  r e v i s e d  i n  P h a s e  I1  r e s u l t i n g  i n  
a number of   des ign   changes  as compared t o  t h e   s e l e c t e d   P h a s e  I design.   The 
l a y o u t  p o w e r  l e v e l  for t h e  a l t e r n a t o r  h a s  b e e n  r e d u c e d  from 550 t o  450 kw . 
A l s o  r educed  w a s  t h e  p o t a s s i u m  c o o l a n t  a n d  l u b r i c a n t  t e m p e r a t u r e  f o r  t h e  
a l t e r n a t o r  f r o m  t h e  r a n g e  800 t o  1lOO'F t o  700'F.  The r e m a i n i n g  a l t e r n a t o r  
s p e c i f i c a t i o n s  o f  10 p o l e s ,  480 v o l t s  l i n e  t o  n e u t r a l ,  1600 Hz and 19,200 
rpm were unchanged. 
e 
For t h e  t u r b i n e ,  i n l e t  as  well as  ou t l e t  cond i t ions  have  been  mod i f i ed .  
The Phase I1 cycle s t a t e  p o i n t s  are l i s t e d   o n   T a b l e  1.1-1. It  should  be 
no ted  tha t  t u rb ine  pe r fo rmance  i s  based on t h e  f l u i d  d e s i g n  c o n d i t i o n s .  
The a l lowab le  stresses employed in  the  mechanica l  des ign ,  however ,  are 
b a s e d  o n  t h e  h i g h e r  i n l e t  c o n d i t i o n s  w h i c h  r e f l e c t  p o t e n t i a l  f l u c t d a t i o n s  
i n  t h e  system. The tu rb ine   ou t l e t   t empera tu re   has   been   r educed   f rom  1280  
t o  1220 F ,  and t u r b i n e   o u t l e t   p r e s s u r e   f r o m   7 . 8   t o   5 . 4 4   p s i a .  The vapor 
f low ra t e  has  been  r educed  f rom 2 .5  to  2 .05  Ib / sec  based  on  s y s t e m s  
c o n s i d e r a t i o n s  w i t h  a 2 MW h e a t   i n p u t  limit f rom  the   r eac to r .  The 
design  power  output,   Table  1.1-2,   has  been limited t o  450 k w  wi th  a 
load power f a c t o r  of .75  lagging.  The a l t e r n a t o r  h a s  t o  be  capable  of 
w i ths t and ing  a 5 second  overload of  900 KVA a t  .9 power f a c t o r .  The 
t u r b o a l t e r n a t o r  w i l l  be o p e r a t i n g  a t  1 9 , 2 0 0  rpm speed  cont inuous ly  over  
an  unat tended 3 y e a r  p e r i o d  w i t h  g r o w t h  p o t e n t i a l  t o  5 years. A 120 
percent  overspeed  to  23 ,400  rpm h a s  t o  be a c c e p t e d  f o r  a s h o r t  time. 
The e n v i r o n m e n t a l  s p e c i f i c a t i o n s  are based  on  P1224-1  and  -2  of  January 
1967. The m o s t  c r u c i a l  c o n d i t i o n s  a r e  s h o c k  l o a d s  of  20 G dur ing   launch  
(KTA i n o p e r a t i v e )  a n d  3 G i n  o r b i t a l  o p e r a t i o n .  A 3 . 5  G a c c e l e r a t i o n  
h a s  t o  be t o l e r a t e d  f o r  5 minutes  time i n  l i f t - o f f  a x i s .  S i n c e  t h e  
p o s i t i o n  of t h e  KTA i n  t h e  s p a c e  v e h i c l e  i s  n o t  e s t a b l i s h e d ,  a l l  G- 
loadings  have  to  be a c c e p t e d  i n  a n y  d i r e c t i o n .  
0 
t h  
e 
A s  f a r  as arrangement i s  c o n c e r n e d ,  t h e  s e l e c t i o n  made and the 
des ign  r u l e s  g iven  are summarized  on  Table 1.1-3. I t  should be noted 
t h a t  a d d i t i o n a l  s t a g e s  are r e q u e s t e d  t o  i m p r o v e  t u r b i n e  e f f i c i e n c y .  
2 
TABLE 1.1-1 
CYCLE  STATE  POINTS 
TURBINE  INLET  TEMPERATURE, F 
TURBINE INLFT TSAT. 
0 
TURBINE  INLET  PRESSURE,   PSIA 
TURBINE  OUTLET !ITMPERATURF:, F 
TURBINE  OUTLET  PRESSURE,  PSIA 
VAPOR FLOW RATE, LB/SEC 
0 
FLUID  DE  S IGN MECH. DESIGN 
2100  2150 
2029 
165 190 
1220 
5.44 
2.05 
3 
TABU 1.1-2 
KTA S P E C I F I C A T I O N S  - PHASE I1 
DESIGN POWER OUTPUT 
ALTERNATOR MAXIMUM CONTINUOUS  RATING 
- 450 KW A T  LOAD P.F. = 0.75 LAGGING e 
5 SEC OVERLOAD - 900 KVA A T  0.90 P.F. 
100% SPEED - 19,200 RF",  CONTINUOUS 
120% OVERSPEED - 23,400 RPM,  SHORT TIME 
ENVIRONMENTAL S P E C I F I C A T I O N S  P1224-1 and -2 of 1-31-67 
SHOCK 20 G - DURING LAUNCH 2.2.1.1 
(KTA N o t  Operating) 
SHOCK 3 G - I N  OPERATION I N  2.3.1 
ANY DIRFCTION 
5 MIN. 3.5 G - I N   L I F T - O F F   A X I S  2.3.3.1 
D E S I G N  L I F E  
3 YEARS - WITH GROWTH To 5 YEARS 
4 
TABLE 1.1-3 
ARRANGEMENT 
KTA 
2 SHAFTS, 4 BEARINGS, 1 COUPLING 
TURBINE 
6+4 STAGES, SPLIT SPOOL 
INTERSPOOL MOI STLRE SEPARATION 
ADDITIONAL  STAGES To IMPROVE EFFICIENCY 
CONDENSATE REMOVAL  FROM  ROTOR NEXT TO LAST  STAGE 
ROTOR MATERIAL : TZM MOLYBDENUM 
STAGE  CONNECTION:  CURVIC  COUPLING 
- T I E  BOLT 
LUBRICANT:  POTASSIUM, TEMPERATURE  UNDEFINED 
ALTERNATOR 
10 POLES 
480 VOLTS 
1600 HZ 
7OO0F  POTASSIUM  LUBRICANT AND COOLANT 
5 
1.2 SUMMARY OF RESULTS 
Based on the above set of spec i f i ca t ions  a new design has been 
generated which is i l l u s t r a t e d  i n  F i g u r e  1.2-1. The outstanding design 
f ea tu res  of t h i s  des ign  are l i s t e d  on  Table  1.2-1. I t  should be noted 
t h a t  t h e  number of turbine stages has been increased  to  7 overhung plus 
4 c rad led  fo r  a t o t a l  of 11 stages.  The  two spools  are  in  counterf low 
arrangement  to  reduce  the  net  thrust. Four cross-over  ducts  connect  the 
two spools and are equipped  with  centrifugal  separators.  Condensate 
ex t rac t ion  from the  ro tor  i s  provided i n  Stage  10. With these 
condensate removal devices the lowest vapor quality within the turbine 
w i l l  be 0.907 en ter ing  s tage  10. The vapor qua l i ty  en ter ing  s tage  7 
will be  0.920. The s p l i t  between 7 and 4 stages has been made t o  about 
equal ize  the lowest  vapor  qual i t ies  in  both spools .  Tip speed in  the 
low pressure turbine i s  850 f t / s ec .  The potassium lubricant  for  the 
turbine w i l l  be i n  t h e  range from 800 t o  900 F. 0 
A 1  te rna   to r  
Signif icant  improvements were r ea l i zed  in  the  Phase I1 a l t e r n a t o r  
design.  Relat ive to  the basic  conceptual  design der ived in  Phase I ,  
e l e c t r i c a l  e f f i c i e n c y  was increased nearly two points to over 94 percent 
while the electrical  weight decreased from 1.14 t o  1.08 pounds per  KVA. 
With these reduced electr ical  losses ,  the cool ing configurat ion selected 
i n  Phase I1 was more than adequate to limit the  s t a to r  ho t  spo t  
temperature to  only  902 F f o r  t h e  700 F i n l e t  c o o l a n t .  0 0 
A s  p a r t  o f  the  s ta tor  des ign  s tudies ,  spec ia l  e f for t s  were 
concentrated upon reduction of weight of the inert  structural  hardware.  
As a resu l t ,  over  200 pounds of weight was trimmed from the  s t ruc ture  
while s t i l l  minimizing structural  stresses t o  less than 30,000 ps i .  
6 
Figure 1.2-1. Potassium Turboalternator - 450 Kw, 19,200 rpm, 1600 cps - Phase I1 Design. 
TABLE 1.2-1 
KTA PHASE I1 DESIGN  FEATURES 
KTA 
2 SHAFTS, 4 BEARINGS, 1 COUPLING 
TURBINE 
7+4 STAGE, SPLIT SPOOL, COUNTER FLOW 
4 CENTRIFUGAL  SEPARATORS BETWEEN SPOOLS 
CONDENSATE EXTRACTION  NEXT !IO LAST STAGE 
LOWEST VAPOR QUALITY = 0 . 9 0 7 ,  STAGE 10 
LOWEST VAPOR QUALI!IY = 0.920, STAGE 7 
TZM MOLY ROTOR 
- CURVIC  OUPLING, TIE BOLT 
T - 1 1 1  AND C b - 1 Z r .  STATOR, WELDED 
LUBRICANT:  POTASSIUM, 800 - 900°F 
ALTERNATOR 
700°F COOLANT - 900°F HOT SPOT 
HIGHER  EFFICIENCY - LESS WEIGHT 
CREEP  ELIMINATED  AS A PROBLEM I N  H - 1 1  ROTOR 
SLOTTED FOm FACES 
BORE SEAL CONCEPT  WITH  BIMETAL  TRANSITION  JOINTS 
8 
TAB- 1.2-1 (Continued 1 
” 
BEARINGS 
RADIAL 
- 4 PAD PIVOTED PAD BEARINGS 
- L/D = 1.0 
- C / D  = .0015 
- D = 2 . 5  - 3.0 INCH 
- MATERIAL: Tic AND CARBOLOY 907 
AXIAL 
- 8 PAD PIVOTED PAD BEARINGS 
- OUTER  DIAMETER = 6.0  INCH 
SEALS 
INTERNAL 
- HELICAL GROOVE 
- C/D = .0025 
EXTERNAL 
- HELICAL GROOVE + LIQUID TRAP 
- C/D = .0025 
MATERIAL 
- T i c  AND STELLITE 6B 
BEARING ROTOR RFSFONSE 
- 0.2 MIL MAX. AMPLITLTDES A T  19,200 RPM 
9 
The impact of r e d u c i n g  t h e  r o t o r  c o o l a n t  t e m p e r a t u r e  t o  700 F was 
0 
found to  be v e r y  s i g n i f i c a n t  i n  i n c r e a s i n g  t h e  r e l i a b i l i t y  of t h e  d e s i g n .  
Lamina ted  po le  t i p s  were no  longer  needed  and  s lo t ted  pole  faces became 
m o r e  t h a n  a d e q u a t e  t o  m i n i m i z i n g  p o l e  f a c e  l o s s e s  t h a t  l i m i t e d  p o l e  t i p  
t e m p e r a t u r e   t o  less than  900 F. The combined  temperatures  and stresses 
of t h e  r o t o r  were s u f f i c i e n t l y  low t o  e l i m i n a t e  r o t o r  c r e e p  s t r a i n  as  a 
l i m i t i n g  d e s i g n  cr i ter ia .  
0 
R e l a t i v e  t o  t h e  t h i r d  m a j o r  area of t h e  a l t e r n a t o r  - - the  bore  
seal - - a s impler ,  more r e l i a b l e  c o n f i g u r a t i o n  was e v o l v e d  f o r  t h e  
end members  and b i m e t a l l i c  t r a n s i t i o n  j o i n t s .  This w a s  p o s s i b l e  a s  a 
result  of ex tens ive  ana  
of b i m e t a l   j o i n t s .  The 
d e s i r e d  f e a t u r e s  of t h e  
f o r  t h e  c e r a m i c  t o  meta 
1 
1 
yses a n d  c o n s u l t a t i o n s  w i t h  e x p e r t s  i n  t h e  a r e a  
r e s u l t i n g  d e s i g n  i n t e g r a t e s  t h e  r e q u i r e m e n t s  a n d  
b i m e t a l l i c  j o i n t  w i t h  t h o s e  p r e v i o u s l y  d e f i n e d  
j o i n t  . 
Bearings  and Seals 
The r a d i a l  b e a r i n g s  on t h e  t u r b i n e  a s  w e l l  a s  t h e  a l t e r n a t o r  are 4 
pad p ivoted  pad b e a r i n g s  w i t h  l e n g t h  t o  d i a m e t e r  r a t i o  = 1 .0  and  a 
c l e a r a n c e   t o   d i a m e t e r   r a t i o  - .0015. The t u r b i n e   b e a r i n g s   a r e  3 i nches  
and   2 .5   i nches   i n   d i ame te r ,   t he   a l t e rna to r   bea r ings  are 3 inches.   Each 
component,   turbine as  w e l l  a s  a l t e r n a t o r ,  h a s  i t s  own t h r u s t  b e a r i n g ,  
both of which measure 6 inches  in  ou te r  d i ame te r  and  employ  8 pad 
p ivoted  pad bear ings .  The bear ing  materials selected a r e   t i t a n i u m  
c a r b i d e  f o r  t h e  t u r b i n e  and tungs ten  carb ide  (carboloy  907) f o r  t h e  
a l t e r n a t o r .  Tic has  a columbium b inde r  and  carboloy 907 has  a c o b a l t  
b inder .  The seals employed i n  t h e  t u r b i n e  and a l t e r n a t o r  are of t he  
he l i ca l  g roove  non-con tac t  t ype  wi th  c l ea rance  to  d i ame te r  r a t io  of .0025. 
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The des ign   d i s t i ngu i shes   be tween   i n t e rna l   and   ex te rna l  seals. " I n t e r n a l "  
meaning seal ing between potassium l iquid and high pressure vapor ,  
" ex te rna l "  s ea l ing  be tween  l iqu id  and  l o w  p re s su re  vapor ,  t he  p re s su re  
of which i s  c o n t r o l l e d  by t h e  t e m p e r a t u r e  i n  t h e  seal i n t e r f a c e  and 
molecular  pumping. The s o - c a l l e d  e x t e r n a l  seals are used  on  both sides 
of t h e  a l t e r n a t o r  r o t o r  c a v i t y  a n d  o n  b o t h  s i d e s  of t he  coup l ing  cav i ty .  
In  bo th  of t h e s e  c a v i t i e s  i t  is impor t an t  t o  ma in ta in  low vapor  pressures  
to  minimize  windage  losses  and  to  avoid  in leakage  and  accumula t ion  of  
l i qu id   po ta s s ium.  For t h i s  p u r p o s e  t h e  seals are equipped w i t h  l i q u i d  
t r a p s  based on an in-house GE development. 
Bearing-Rotor Response 
The t u r b i n e  a n d  a l t e r n a t o r  r o t o r s  were s u b j e c t e d  t o  s e v e r a l  c r i t i c a l  
speed and rotor  response analyses  which led  t o  s u f f i c i e n t  d e s i g n  
improvements t o  r i d  t h e  r o t o r s  of  any percept ible  resonance peaks.  
With reasonably  la rge  va lues  of unbalance (100 micro- inches)  t h e  r o t o r  
maximum vibra t ion  ampl i tudes  never  exceed  0.4 m i l s  a t   t h e  20 percent  
overspeed  case.  
The t u r b i n e  a n d  a l t e r n a t o r  when coupled together have dynamic 
c h a r a c t e r i s t i c s  a l m o s t  i d e n t i c a l  t o  t h e  c o m p o n e n t s  when opera ted  
independent ly .   This  is  because  the  diaphragm  coupling  has a very low 
a n g u l a r  s t i f f n e s s  a n d  c a n n o t  t r a n s f e r  a n y  s i g n i f i c a n t  moment from one 
r o t o r  t o  t h e  o t h e r .  T h i s  i s  a n  e x t r e m e l y  d e s i r a b l e  f e a t u r e  as each of 
the components can be analyzed and tested independent ly  with the 
a s s u r a n c e ,  t h a t  when assembled together ,  they w i l l  be e f f e c t i v e l y  
dynamical ly  decoupled.  
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The KTA h a s  o n e  t o r s i o n a l  c r i t i ca l  speed in  the  r ange  be tween  0 
and 30,000 rpm o c c u r r i n g  n e a r  7250 rpm. T h i s  f i r s t  t o r s i o n a l  cr i t ical ,  
however,  should be  of l i t t l e  c o n s e q u e n c e  s i n c e  s u f f i c i e n t  f r i c t i o n  
damping  should be a f fo rded  by t h e  s t u b  s h a f t  b e a r i n g  s l e e v e s  t o  e n a b l e  
a c c e l e r a t i n g  t h r o u g h  t h e  c r i t i c a l  w i t h  a minimum of a m p l i f i c a t i o n .  
The e f f e c t  of h o u s i n g  f l e x i b i l i t y  o n  t h e  a l t e r n a t o r  r o t o r  
v i b r a t i o n a l  c h a r a c t e r i s t i c s  w a s  evaluated and found to  be a s i g n i f i c a n t  
f a c t o r .  I t  was d e t e r m i n e d   t h a t   t h e   r a d i a l   s t i f f n e s s  of t he  end b e l l s  
shou ld  exceed  1 .5  mi l l i on  lb / in  in  o rde r  t o  min imize  the  e f f ec t  o f  
h o u s i n g  f l e x i b i l i t y  a n d  t h a t  s t i f f n e s s  v a l u e s  a p p r o a c h i n g  1 0  l b / i n  
should not  be d i f f i c u l t  t o  ob ta in  wi th  p rope r  r e in fo rcemen t  of t h e  
more c o m p l i a n t   h o u s i n g   s t r u c t u r a l   e l e m e n t s .   H o u s i n g   f l e x i b i l i t y  i s  no t  
as c r i t i c a l  a concern  in  the  turb ine  because  i t  opera tes  above  the  
second c r i t i c a l  a n d  a d d i t i o n a l  system compliance fur ther  removes the 
opera t ing  speed  f rom the  a rea  of t h e  cri t ical .  
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Performance 
The KTA performance summarized on Table 1.2-2 i s  based on turbine 
d e s i g n  s p e c i f i c a t i o n s  which i n  t u r n  are based  on a 2 MN heat i n p u t  
f rom  the   reac tor .  "he a c t u a l  power ou tpu t  of t h e  KTA i s  386.5 kw . 
The a l t e r n a t o r  e l e c t r i c a l  l o s s e s  h a v e  b e e n  r e d u c e d  t o  24.6 kw as  
compared to   t he   Phase  I des ign  (35.3 kw 1. The p a r a s i t i c  b e a r i n g  and 
seal losses  have  been  increased  to 35.3 kw due to i nc reased  bea r ing  
diameters and a  more complete  assessment  of  secondary bear ing losses ,  
e s p e c i a l l y  of t h r u s t   b e a r i n g s .  The r e s u l t i n g  a l t e r n a t o r  e f f i c i e n c y  i s  
86.6 percen t .  On t h e  t u r b i n e ,  d u e  t o  t h e  w e i g h t  f l o w  r e d u c t i o n  by 
l i m i t i n g   r e a c t o r  power t o  2 MW the   shaf t   power  has   been  reduced  f rom 
t h  
e 
e 
t h y  
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T A B U  1.2-2 
KTA P E R F O W C E  SUMMARY 
PHASE 
POWER OUTPUT, KWe 
ALTERNATOR 
- INTERNAL LOSSES KW 
- PARASITIC  LOSSES Kw 
- OVERALL EFFICIENCY % 
TURBINE 
- SHAFT POWER KWI 
- PARASITIC  LOSSES Kw 
- OVERALL EFFICIENCY % 
KTA 
- E F F  I C I  ENCY % 
I I1 
45 0 386.5 
- - 
35.3  24.6 
19.4  35.3 
89.2 86.6 
504.7 446.4 
23.2 36.6 
78.2 75.8 
69.6 65.6 
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504.7 to  446.4 kw whi l e  t he  pa ras i t i c  bea r ing  and  seal l o s s e s  i n c r e a s e d  
from 23 .3  to  36 .6  kw for t he  same reasons  as t h o s e  f o r  t h e  a l t e r n a t o r .  
With t h e  a d d i t i o n  of o n e  t u r b i n e  s t a g e  t h e  o v e r a l l  t u r b i n e  e f f i c i e n c y  
has   been   ca lcu la ted   to   75 .8   percent .   Combining   a l te rna tor   and   tu rb ine  
t h e  r e s u l t i n g  KTA e f f i c i e n c y  was 65.6 percent .  
Weights  and  Effec t iveness  
Table  1.2-3  summarizes  the  weights of a l t e r n a t o r ,  t u r b i n e ,  
coupling  and  frame. Compared to   t he   Phase  I design  the  weights   have 
b e e n  s u b s t a n t i a l l y  r e d u c e d  t o  1372  pounds or 3.5  pounds  per  kw . The 
e f f i c i e n c y / w e i g h t  e f f e c t i v e n e s s  was d e f i n e d  i n  t h e  F’hase I r e p o r t ,  
Chapter  11.4 as  
e 
W (1) + (?l - 12000 = 1673 - .011 X 12000 t E =  
Wt 1372 
- 1673 - 131 
1372 
1542 
1372 
”- 
E = 1.124 
This  r e s u l t  represents  an improvement  over  the selected Phase I 
design,   which  had  an  effect iveness   number  E = 1.087.  The improvement 
expected was diminished by a n  i n c r e a s e  i n  p a r a s i t i c  b e a r i n g  and seal 
l o s s e s .  
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ALTERNATOR 
TURBINE 
FRAME 
KTA 
TABLE 1.2-3 
WEIGHT SUMMAFLY 
POUNDS 
PHASE I PHASE I1 
1273 894 
520 45 0 
22 28 
1815 1372 
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2.  ALTERNATOR 
2 . 1  ELJ3CTRICAL DESIGN AND PERFORMANCE STUDY 
I n t r o d u c t i o n  
A r e v i e w  o f  t h e  c h a n g e s  i n  s p e c i f i c a t i o n ,  d e s i g n  p o i n t s ,  a n d  
c o n f i g u r a t i o n  t h a t  o c c u r r e d  as  a r e s u l t  of  the Phase I Conceptual  
Design Analysis  Review w a s  conduc ted  and  s tud ie s  were pe r fo rmed  to  
v e r i f y  or a d j u s t  s e v e r a l  of t h e  a l t e r n a t o r  i n t e r n a l  d e s i g n  v a r i a b l e s  
e s t a b l i s h e d   d u r i n g   t h e   P h a s e  I s t u d i e s .   S u f f i c i e n t   d e s i g n   c o m p u t a t i o n s  
were p e r f o r m e d  t o  e s t a b l i s h  t h e  p r e l i m i n a r y  P h a s e  I1 a l t e r n a t o r  
e lectr ical  d e s i g n   c o n f i g u r a t i o n .   P e r f o r m a n c e   c a l c u l a t i o n s  were made 
t o  d e t e r m i n e  t h e  electrical performance of t h e  e s t a b l i s h e d  a l t e r n a t o r  
c o n f i g u r a t i o n  t o  v e r i f y  t h a t  t h e  p e r f o r m a n c e  meets t h e  s p e c i f i c a t i o n s  
and e lec t r ica l  load  requi rements .  
S p e c i f i c a t i o n  Change  Review 
A s  a r e s u l t  o f  conclus ions  of  the  Phase  I t u r b o a l t e r n a t o r  d e s i g n  
s t u d y ,  o n e  a l t e r n a t o r  C o n f i g u r a t i o n  was s e l e c t e d  by t h e  NASA f o r  t h e  
Phase I1 p r e l i m i n a r y   d e s i g n   s t u d y .  The d e s i g n   s p e c i f i c a t i o n s   o f   t h e  
s e l e c t e d  c o n f i g u r a t i o n  i s  as  f o l l o w s :  
(1) The a l t e r n a t o r  maximum c o n t i n u o u s  l o a d  r a t i n g  s h a l l  be 
450 kWe, 3 phase ,  a t  a 0.75 l a g g i n g  l o a d  p o w e r  f a c t o r .  
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Nominal a l t e r n a t o r  l o a d  r a t i n g  s h a l l  be the same as  the 
maximum cont inuous load rat ing unless  otherwise specif ied.  
The a l t e r n a t o r  d e s i g n  t o  t h e  maximum e x t e n t  f e a s i b l e  s h a l l  
reduce  to  a minimum any adve r se  e f f ec t s  due to unbalanced 
magnetic forces.  
The speed (frequency) control of t h e  a l t e r n a t o r  i s  
present ly  considered to  be the parasi t ic  load type,  and 
frequency regulation i s  a n t i c i p a t e d  t o  be ~f: one percent  
of design frequency for a change in  ex te rna l  l oad  from 
10 percent  to  maximum load (450 kWe). 
Specif icat ion MILG6099A (AS) per  the la tes t  r e v i s i o n  i n  
e f f e c t  on date of t h i s  con t r ac t  sha l l  app ly  to  the  fo l lowing :  
Wave form* - Paragraph  4.5.16.  In  addition,  the 
t o t a l  RMS harmonic content of the l ine-  to-neutral  
voltage wave, when t h e  a l t e r n a t o r  i s  opera t ing  in to  
a purely resist ive load ,  sha l l  be less than 5 percent 
from 10  percent  to  100 percent  maximum load (450 kWe). 
Phase  balance - Paragraph  4.5.10,  4.5.10.1 and 4.5.10.2 
except that paragraph 4.5.10.1 i s  amended to  read ". . . 
the  ind iv idua l  phase  vol tages  sha l l  no t  devia te  from 
the average by more than 2.25, 4.5, and 9 percent ,  
respect ively.  
Output voltage modulation** - Paragraph 4.5.13 except 
t h a t  modulation shall not exceed 0.5 percent. 
* To be retained as  a des ign  goa l  wi thout  ana ly t ica l  ver i f ica t ion  
** A design goal ;  w a s  n o t  a n a l y t i c a l l y  v e r i f i e d .  
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(d) Overload - 900 kVA a t  0.9 l agg ing  load  power  f ac to r  
f o r  5 seconds.  
(e) S h o r t  c i r c u i t  c a p a c i t y  - Paragraph  4 .5 .12 for a minimum 
of 5 s e c o n d s  s h a l l  be inc luded  as  a des ign  goa l .  
( 5 )  Frequency - 1600 HZ. 
(6) Speed - 19,200 rpm - + one  percent .  
(7)  Voltage - 480 v o l t s   ( L N ) .  
(8 )  Ro to r  coo lan t  - l i qu id  po ta s s ium a t  700 F supply  temperature .  0 
( 9 )  S t a t o r  c o o l a n t  * - l i q u i d  N a K  a t  800 F supply  temperature .  0 
"he basic  changes between the Phase I and  Phase I1 requi rements  
r e g a r d i n g  t h e  e l e c t r i c a l  d e s i g n  of t h e  a l t e r n a t o r  are a r e d u c t i o n  i n  
maximum cont inuous  ra t ing  f rom 733 kVA (550 kWe a t  0.75 power f a c t o r ,  
l a g g i n g )  t o  600 kVA (450 kWe a t  0 .75  power  fac tor ,  l agging) ,  a 
co r re spond ing  r educ t ion  in  the  ove r load  r equ i r emen t ,  and  a r e d u c t i o n  i n  
ro tor  coolan t  tempera ture  f rom 800 F t o  700 F. R o t o r  m a t e r i a l  p r o p e r t y  
d a t a  for t he  a l t e rna to r  des ign  compute r  p rogram was a d j u s t e d  t o  r e f l e c t  
t h e   d e c r e a s e   i n   r o t o r   t e m p e r a t u r e .   S e v e r a l   a l t e r n a t o r   i n t e r n a l   d e s i g n  
v a r i a b l e  s t u d i e s  were pe r fo rmed  to  ve r i fy  or a d j u s t  t h e  v a l u e s  selected 
i n  t h e  P h a s e  I s t u d i e s  a s  a resu l t  of . the changes listed above. 
0 0 
A 1  t e rna to r   In t e rna l   Des ign   Var i ab le  Review 
S e v e r a l  a i t e r n a t o r  i n t e r n a l  d e s i g n  v a r i a b l e s  were selected for 
s tudy  and  ve r i f i ca t ion  because  of changes occurring between the Phase I 
* Reduced t o  700°F potassium during course o f  program. 
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and  Phase I1 KTA t a s k s .  An armature c u r r e n t  d e n s i t y  s t u d y  was 
performed to  v e r i f y  t h e  p r e v i o u s l y  s e l e c t e d  ( P h a s e  I )  c u r r e n t  d e n s i t y  
wi th  the  lower  cu r ren t  o f  t he  600 kVA r a t i n g .  A f i e l d  c u r r e n t  d e n s i t y  
s tudy  w a s  per formed to  de te rmine  the  optimum f i e l d  c o i l  c o n f i g u r a t i o n  
w i t h  r e s p e c t  to  f i e l d  co i l  power,   weight ,   l imit ing  temperature ,   system 
weight ,   and   exc i te r -vol tage   regula tor   requi rements .  A s tudy  of armature 
c o i l  f l u x  d e n s i t y  w a s  performed using new c a l c u l a t i o n  p r o c e d u r e s  d e r i v e d  
as  a r e s u l t  of an  expe r imen ta l  ve r i f i ca t ion  p rogram,  AEC Con t rac t  
AT(04-3)-679,  which indicated that  armature i ron losses  with unwelded 
Hiperco-27  s tacks were less t h a n  t h o s e  p r e v i o u s l y  c a l c u l a t e d  by a 
f a c t o r  of  2/3 and that  the ampli tude of t h e  ac c i r c u m f e r e n t i a l  f l u x  i n  
the  a rmature   core  w a s  a l s o  less t h a n   a n t i c i p a t e d .   T h e s e   f a c t o r s  
r e s u l t e d  i n  g e n e r a l l y  h i g h e r  e f f i c i e n c i e s  a n d  i n  c o n j u n c t i o n  w i t h  t h e  
lower Phase I1 kVA r a t i n g ,  i n  l o w e r  w e i g h t s  compared t o  Phase I r e s u l t s .  
The sa tu ra t ed  vapor  p re s su re  of potassium a t  700 F was assumed f o r  t h e  
p r e s s u r e  of t h e  r o t o r  c a v i t y  f o r  the  d e s i g n  v a r i a b l e  s t u d i e s  r e s u l t i n g  
in  h ighe r  w indage  lo s ses  than  those  e s t ab l i shed  f o r  t h e  f i n a l  d e s i g n .  
S t u d y  r e s u l t s  are p r e s e n t e d  i n  T a b l e s  2.1-1 through 2.1-3 .  
0 
I n  a l l  o f  t he  s tud ie s  pe r fo rmed ,  a l t e rna to r  we igh t  i nc reased  a s  
e f f i c i e n c y  i n c r e a s e d  n e c e s s i t a t i n g  t h e  u s e  of a t r a d e o f f  c r i te r ia  i n  
the  form of a s y s t e m  w e i g h t  p e n a l t y  p e r  k i l o w a t t  o f  loss. From 
d i s c u s s i o n s  w i t h  t h e  NASA, a p re l imina ry  we igh t  pena l ty  in  the  r ange  
of  59  to  79  pounds  per  k i lowat t  was de te rmined  to  be  su i t ab le  fo r  u se  
i n  t h e  s t u d i e s .  A value  of  70  pounds  per  k i lowat t  w a s  chosen to  
d e t e r m i n e  t h e  w e i g h t  p e n a l t y  a s s o c i a t e d  w i t h  t h e  a l t e r n a t o r  
i n e f f i c i e n c y .  
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N 
0 
Current  A 1  t e r n a   t o r  
E l e c t r i c a l  
(amps/in ) W t .  ( l b s )  Densi t K  
8 645  643 
6310  662 
4971  766 
3864 8 42 
TABLE 2.1-1 
ARMATURE CURRENT  DENSITY STUDY 
E f f i c i e n c y  
(90 1 
92.7 
93 .4  
93 .7  
93.7 
Armature 
Hot Spot 
Temp ( O F ) *  
1283 
1130 
1060 
1000 
Al t e rna to r  Weigh t  
+ System Weight 
Pena l ty  (lbs) 
3113 
2882 
28  76 
2952 
* Based on 800 F Sta tor  Coolant  Tempera ture  0 
TABLE 2 . l-2 
Flux 
Densi ty  
(k l / i n2 )  
100 
80  
60 
40 
20 
ARMATURE CORE FLUX DENSITY STUDY 
A 1  t e r n a t o r  
E l e c t r i c a l   E f f i c i e n c y  
W t .  (lbs) (%I 
627  92.8 
640  93.1 
662 93.4 
729 93.9 
9 05 94.2 
S t a t o r  OD 
( inches )  
18.00 
18.30 
18.79 
19.72 
22.59 
A 1  t e r n a t o r  Weight 
+ System  Weight 
P e n a l t y   ( l b s )  
3057 
2960 
2882 
2769 
2835 
TABLE 2 -1-3 
FIELD CURRENT  DENSITY  STUDY 
F i e l d   F i e l d   F i e l d   C o i l
E f f i c i e n c y  Power Coil  Hot Spot 
% (Watts)  W t .  ( l b s )  Temp. (OF)** 
92.7  9888  19.6  1480 
Estimated* 
E x c i t e r  
W t .  (lbs) 
119 
A 1  t e r n a t o r  W t .  & 
System W t .  Pena l ty  
(lbs) 
3100 
Current  
Densi ty  
(amps/in ) 2 
8285 
A 1  t e r n a   t o r  
E l e c t r i c a l  
W t .  ( l b s )  
630 
F i e l d  
Coi 1 
Voltage 
59.7 
6540 644 93.1  7904  25.1  1230 95 47.5 2974 
to 5174 
h3 
3257 
661 93.3  6341  32.2  1120 76 37.9 2911 
706 93 .7  4142 52.8  980 5 0  24.4 2816 
1682 94.1  2183  104.7 88 0 823 26 12 .4  2793 
* Based  on  12  lbs/kw  specific  weight.  
** Based  on 800°F s t a to r   coo lan t   t empera tu re .  
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R e s u l t s  of t he  anna tu re  cu r ren t  dens i ty  s tudy  (Tab le  2 .1 -1 )  
i n d i c a t e d  a n  optimum c u r r e n t  d e n s i t y  of 5000 t o  6000 amperes  per  square  
inch based on minimum system weight and a l i m i t i n g  a r m a t u r e  h o t  s p o t  
temperature  of  1100 F. This  compares  favorably  wi th  an  a rmature  cur ren t  
d e n s i t y  of 6000 amperes / in2  se lec ted  for the Phase I ,  19,200 rpm, 800°F 
coolant  tempera ture  conceptua l  des ign .  
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O p t i m u m  a r m a t u r e  c o r e  f l u x  d e n s i t y  ( T a b l e  2 . 1 - 2 )  o c c u r s  i n  t h e  
range of  20 to  60 k i l o l i n e s  p e r  s q u a r e  i n c h  b a s e d  o n  minimum system 
we igh t .   Accura t e   ca l cu la t ion   o f   t he   pene t r a t ion   o f   t he   h igh   f r equency  
c i r c u m f e r e n t i a l  ac wave i n t o  t h e  d e p t h  o f  t h e  a r m a t u r e  c o r e  i s  
e x c e e d i n g l y  d i f f i c u l t  and very large c o r e  d e p t h s  may n o t  b e  f u l l y  
u t i l i z e d  b y  the  high  frequency  (1600 H z )  f l u x  wave. The s t a t o r  OD 
increased  rap id ly  be low 60 k i l o l i n e s  p e r  s q u a r e  i n c h  d e n s i t y  d u e  t o  a n  
inc reas ing  a rma tu re  co re  dep th  beh ind  s lo t .  A d e n s i t y  of 60 k i l o l i n e s /  
i nch2  w a s  c h o s e n  b e c a u s e  t h i s  v a l u e  r e s u l t s  i n  n e a r  minimum s t a t o r  
punching OD and n e a r  minimum sys tem weight.  
A f i e l d  c u r r e n t  d e n s i t y  o f  4000 amperes  per  square inch (Table  
2.1-3) was selected based o n  r e s u l t s  o f  t h e  f i e l d  c u r r e n t  d e n s i t y  s t u d y .  
The selected v a l u e  r e s u l t s  i n  n e a r  minimum s y s t e m  weight,  minimum f i e l d  
c o i l  p l u s  e s t i m a t e d  e x c i t e r  w e i g h t ,  a n d  a f i e l d  c o i l  h o t  s p o t  
temperature  below  1100 F. A s tudy  of f i e l d  c o i l  c o n d u c t o r  c o n f i g u r a t i o n s  
performed in  Phase I w i t h  r e g a r d  t o  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  has 
shown t h a t  a low vol tage ,  wide s t r a p  f i e l d  c o i l  c o n f i g u r a t i o n  w i t h  
coo l ing  man i fo lds  loca t ed  on each side of t h e  f i e l d  c o i l  p r o v i d e s  t h e  
l o w e s t   f i e l d   c o i l   o p e r a t i n g   t e m p e r a t u r e s .  A s  shown la te r ,  more detailed 
a n a l y s i s  of the  t empera tu res  r evea led  ho t  spo t s  w e l l  b e l o w  1100 F. 
0 
0 
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A f i e l d  c u r r e n t  d e n s i t y  o f  4000 amperes  per  square  inch  requi res  
a f u l l  l o a d  f i e l d  v o l t a g e  o f  a b o u t  30 v o l t s .  A prel iminary review of  
e x c i t e r - v o l t a g e  r e g u l a t o r  (VRE) c h a r a c t e r i s t i c s  i n d i c a t e s  a VRE 
e f f i c i e n c y  of about  80 p e r c e n t  f o r  t h e  3 0  v o l t  f i e l d  c o i l  c o n f i g u r a t i o n .  
Although a h i g h e r  v o l t a g e ,  l o w e r  c u r r e n t  f i e l d  c o i l  would provide  a 
h ighe r  VRE e f f i c i e n c y ,  t h e  s e l e c t e d  c o n f i g u r a t i o n  r e p r e s e n t s  t h e  
optimum c o n s i d e r i n g  a l l  of t h e  f a c t o r s  p r e v i o u s l y  d i s c u s s e d .  
Re-analysis  of the Phase I wind ing  conf igu ra t ion  wi th  r ega rd  to  
the harmonic content  of  the armature MMF has  shown t h a t  a n  i n c r e a s e  i n  
t h e   p i t c h   f a c t o r   f r o m  0.8 t o  1 . 0  ( f u l l  p i t c h )  i s  d e s i r a b l e .  Even 
harmonics can be p r e s e n t  i n  t h e  MMF d i s t r i b u t i o n  of 120 degree phase 
bel t ,  3-phase windings when t h e  p i t c h  f a c t o r  i s  other  than one (1.0) .  
The value of p i t c h  f a c t o r  for a winding i s  s e l e c t e d  on t h e  b a s i s  of 
reducing or e l imina t ing  the  ampl i tudes  of an object ional  harmonic or 
series of ha rmon ics .   In   t h i s   ca se ,  a l l  even   harmonics   a re   e l imina ted  
by the  choice  of  a f u l l  p i t c h  c o i l  which i s  d e s i r a b l e  from the stand- 
p o i n t  of decreasing the load component of r o t o r  p o l e  f a c e  l o s s e s .  
S e l e c t i o n  of  a f u l l  p i t c h  c o i l  f o r  t h e  KTA a l t e r n a t o r  d o e s  n o t  
s i g n i f i c a n t l y  i n c r e a s e  t h e  h a r m o n i c  c o n t e n t  of the  te rmina l  vo l tage  
because  the  ha rmon ic  d i s t r ibu t ion  f ac to r s  are low  due t o  t h e  
r e l a t i v e l y  h i g h  number  of s l o t s  p e r  h o l e  p e r  p h a s e .  
The wind ing  f ac to r s  (p roduc t  of p i t c h  and d i s t r i b u t i o n  f a c t o r s )  f o r  
the 120 degree phase be l t ,  f u l l  p i t c h  w i n d i n g  of t he  KTA a l t e r n a t o r  are 
i d e n t i c a l  t o  t h o s e  t h a t  would be produced i f  t h e  a r m a t u r e  were wound 
f o r  60 degree  phase  bel ts   wi th   2/3  coi l   p i tch.   Calculated  harmonic 
conten t   o f  t h e  no  load  vol tage i s  1 .85   pe rcen t .  A s l i g h t  w e i g h t  
reduct ion (approximately 6 pe rcen t )  was achieved by t h e  i n c r e a s e d  p i t c h  
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f a c t o r .  
Final Alternator Design Configuration 
A f i n a l   a l t e r n a t o r  electrical design configurat ion w a s  e s t ab l i shed  
based on r e s u l t s  of the Phase I s t u d i e s  and the  in t e rna l  des ign  va r i ab le  
s tud ies  descr ibed  in  the  preceding  sec t ion  of t h i s  r e p o r t .  P e r t i n e n t  
des ign  in fo rma t ion  r ega rd ing  the  f ina l  a l t e rna to r  e l ec t r i ca l  
configurat ion i s  l i s t e d  below: 
Rating : 
Voltage : 
Frequency : 
Speed : 
Type : 
Coolant: 
S t a t o r  I n l e t  
Rotor  In le t  
Armature Windings: 
600 kVA 
480 v o l t s  (L-N) 
1600 Hz 
19,200 r p m  
Radial gap inductor 
700 F potassium 
700°F potassium 
0 
3-phase, wye connected 
180 s l o t s  
5 pa ra l l e l  pa ths  
2 p a r a l l e l  s t r a n d s  
12 series turns per phase 
F u l l  p i t c h ,  120°F phase bel ts  
2 conductors  per  s lo t  
F i e ld  Winding : 52 t u r n s ,   s t r a p  wound 
Machine  Dimensions : * 
Stack length (each) 
Length between s t acks  
Length over end extensions 
Rotor OD 
S t a t o r  OD 
Frame OD o v e r  f i e l d  
Rotor core OD 
Linear pole width 
( c i r cumfe ren t i a l )  
4.193 inches 
1.956 inches 
15.010 inches 
15.109 inches 
18.693 inches 
22.610 inches 
9.199 inches 
3.143 inches 
*Design dimensions a r e  a t  operating temperature and maximum speed. 
Fabricat ion dimensions (R.T. a t  zero rpm) must be worked back from these 
by use  of calculated  temperatures  and s t r a i n s .  These f a b r i c a t i o n  
dimensions and associated tolerances must then be extended back upward 
to "off-design' '  conditions a t  near end  of l i f e  ( 3  t o  5 y e a r s )  t o  assure 
f i ts ,  running clearances,  etc.  w i l l  r ema in  sa t i s f ac to ry  ove r  t he  l i f e  
of the machine. 
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Electrical Weight Breakdown: 
Armature   conductors   29 .7   lbs  
F ie ld   conduc to r s   40 .8   l b s  
Armature   s tacks   149 .0   lbs .  
Frame  123.9 l b s .  
Rotor   303 .5   lbs .  
646 .9  lbs .  
Resis tance  and  Reactance : 
Armatu re  r e s i s t ance  pe r  
Armature  leakage  reactance 
F i e l d  c o i l  r e s i s t a n c e  ( h o t )  
Direct ax is  synchronous  
Quadra tu re  ax i s  synchronous  
T r a n s i e n t   r e a c t a n c e ,  X!d 
S u b t r a n s i e n t   r e a c t a n c e ,  X"d 
Q u a d r a t u r e  s u b t r a n s i e n t  
Negat ive sequence reactance,  
Zero  sequence  reactance,  X 0  
phase   (ho t )  
r e a c t a n c e ,  Xd 
r e a c t a n c e ,  Xq 
Reactance , X"q 
x2 
0.0182 ohms 
0.149 ohms 
0.159 ohms 
0 . 5 5 3  p e r  u n i t  
0.322 per u n i t  
0 . 2 4 0  p e r  u n i t  
0 . 2 4 0  p e r  u n i t  
0 . 3 2 2  p e r  u n i t  
0.281 per u n i t  
0 . 0 1 3  p e r  u n i t  
Time C o n s t a n t s  ( h o t ) :  
S h o r t   c i r c u i t   t r a n s i e n t ,  T'D1  0.067 
Open c i r c u i t   t r a n s i e n t ,  T ' D O  10.110 
Armature , TA 0.0061 
Materials : 
Sta to r  f r ame  
Armature  laminat ions 
Armature  in te r laminar  
Armature  conductors 
i n s u l a t i o n  
F i e l d  c o i l  c o n d u c t o r s  
F i e l d  c o i l  i n s u l a t i o n  
Rotor  
S l o t  l i n e r s  and wedges 
P o l e  f a c e  c o n f i g u r a t i o n  
Hiperco-27  forg ing  
Hiperco-27 .004 inch thick 
Plasma-arc sprayed Alumina 
Anadur  insu la ted  n icke l  
Bare CUBE copper 
Alumina  and s y n t h e t i c  
Premium q u a l i t y  H-11  (AMs 6487) 
Ceramic;  99.5%  alumina 
Grooved 
c l a d  s i l v e r  
mica s h e e t  
The armature winding i s  a 120  degree  phase  be l t ,  two conductor  per  
s lo t   w ind ing .   Th i s   con f igu ra t ion   e l imina te s   t he   need  for conductor  
e n d   e x t e n s i o n   j o i n t s   w i t h   t h e   n i c k e l  clad s i l v e r   c o n d u c t o r s .  C o i l  ends  
are c o n n e c t e d  d i r e c t l y  t o  t h e  b u s  r i n g s ,  t h e r e  b e i n g  a t o t a l  of t h i r t y  
j o i n t s  r e q u i r e d  for the complete armature winding. 
2 6  
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Jo in ing  of c l ad  s i lve r  conduc to r s  t o  the  bus  r ings  i s  a much less 
complex procedure than making conductor  to  conductor  joints  in  the 
winding end extensions.  Access t o  t h e  j o i n t  area i s  g r e a t e r  a t  t h e  
bus r ing and the conductor  ends can be embedded i n  t h e  b u s  r i n g  material. 
The l a t te r  can el iminate  the need for  e laborate  pre-weld clamping 
p rocedures .  Jo in t s  l oca t ed  a t  the  bus  r ing  do  no t  r equ i r e  in su la t ion  
and, because the bus rings are remote from the end extensions,  the 
p robab i l i t y  o f  damaging the  a rma tu re  in su la t ion  du r ing  the  jo in ing  
p rocess  i s  grea t ly  reduced .  Had 60 degree  phase  bel ts   and/or  4 
conductor  per  s lot  windings been used,  the number o f  j o i n t s  would  have 
been increased by 5 0  percen t  or 100 p e r c e n t  w i t h  j o i n t s  r e q u i r e d  i n  t h e  
end ex tens ions  as w e l l  a s  a t  t h e  bus r ings.  
Armature windings are o f t e n  r e f e r r e d  t o  a s  i n t e g r a l  s l o t  w i n d i n g s  
or f r a c t i o n a l   s l o t   w i n d i n g s .  The bas ic   d i f fe rence   be tween  the  two 
types i s  t h a t  t he  number of s l o t s  p e r  h o l e  p e r  p h a s e  of a n  i n t e g r a l  
s l o t  winding always equals  an integer  whereas the number of s l o t s  
per  po le  per  phase  of a f r ac t iona l  w ind ing  i s  not  an  in teger .  The 
basic  disadvantage of  a f r a c t i o n a l  s l o t  w i n d i n g  i n  t h i s  a p p l i c a t i o n  i s  
the g r e a t e r  number of  harmonics  present  in  the  a rmature  "I? as compared 
t o  a n  i n t e g r a l  s l o t  w i n d i n g .  F r a c t i o n a l  s l o t  w i n d i n g s  c a n  c o n t a i n  a l l  
odd harmonics,   even  harmonics,   fractional  harmonics  (e.g. ,  the  o rde r  of 
1.5) and i n  some cases sub-harmonics which rotate a t  very high speeds.  
The h ighe r  ha rmon ic  con ten t  o f  f r ac t iona l  s lo t  w ind ings  can  r e su l t  i n  
very  h igh  ro tor  po le  face l o s s e s  when t h e  a l t e r n a t o r  i s  under load. 
Minimization of p o l e  f a c e  l o s s e s  i s  a pr ime goal  in  the  des ign  of high 
s p e e d   a l t e r n a t o r s   f o r   s p a c e   a p p l i c a t i o n s .   I n t e g r a l  s lot ,  60 degree 
phase  be l t  windings  conta in  only  odd harmonics i n  the armature NINIF and 
f o r  t h i s  r e a s o n  are w e l l  s u i t e d  f o r  h i g h  s p e e d  a l t e r n a t o r s .  I n t e g r a l  
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s l o t ,  1 2 0  d e g r e e  p h a s e  b e l t  w i n d i n g s  c a n  c o n t a i n  a l l  odd and even 
harmonics,  but even harmonics are e l imina ted  by s e l e c t i n g  f u l l  p i t c h  
c o i l s .  T h i s  c o n f i g u r a t i o n  was s e l e c t e d  f o r  t h e  KTA a p p l i c a t i o n  b e c a u s e  
end  ex tens ion  in t e r - connec t ions  are n o t  r e q u i r e d  (as t h e y  a r e  f o r  60 
d e g r e e  p h a s e  b e l t s )  a n d  t h e  s e l e c t e d  c o i l  d i s t r i b u t i o n  of t h e  KTA 
a rma tu re  conf igu ra t ion  will r e s u l t  i n  low p o l e  f a c e  l o s s e s .  
For a given number of series tu rns  pe r  phase ,  t he  number  of 
armature s l o t s  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  number  of p a r a l l e l  p a t h s  
a n d  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  number   o f   conductors   per   s lo t .  A 
high number of  s lots  is  bene f i c i a l  t o  mach ine  pe r fo rmance  wi th  r ega rd  
t o  l o w e r i n g  r o t o r  p o l e  f a c e  l o s s e s  a n d  p r o v i d i n g  b e t t e r  h e a t  t r a n s f e r  
of the   a rmature   winding   loss   f rom  the   s lo t s .  The t o o t h   r i p p l e   ( n o   l o a d )  
component  of  pole  face loss  i s  reduced  because  of  the  lower  s lo t  p i tch  
a n d   a m p l i t u d e   o f   t h e   t o o t h   f l u x   o s c i l l a t i o n   f a c t o r .  Load harmonic 
losses  and  vol tage  harmonic  conten t  are reduced by means  of  lower 
h a r m o n i c  d i s t r i b u t i o n  f a c t o r s  a c h i e v a b l e  f o r  h i g h  s l o t s  p e r  p o l e  p e r  
phase  des igns .  
S l o t  h e a t  t r a n s f e r  i s  improved by r e d u c i n g  t h e  h e a t  f l u x  d e n s i t y  
( w a t t s   p e r   s q u a r e   i n c h )   a l o n g   t h e   s l o t   s i d e s .  The choice  of 5 p a r a l l e l  
paths  and 2 c o n d u c t o r s  p e r  s l o t  f o r  t h e  armature w i n d i n g  a t t a i n s  t h e  
a b o v e  l i s t e d  d e s i g n  b e n e f i t s  by provid ing  a high number of armature 
s l o t s .  The u s e   o f   p a r a l l e l   p a t h s   i n   t h e   a r m a t u r e   h a s  t h e  f u r t h e r  
advantage of reducing unbalanced magnet ic  forces  on t h e  r o t o r  u n d e r  
dynamic   ( ro t a t ing )   cond i t ions .  The advantage  of a 2 conductor   per  
s l o t  c o n f i g u r a t i o n  h a s  a l r e a d y  b e e n  d i s c u s s e d .  
Each s l o t  c o n d u c t o r  i s  comprised of  two p a r a l l e l  s t r a p  wires t o  
r e d u c e   l o c a l i z e d   e d d y   c u r r e n t   l o s s e s   i n   t h e   c o n d u c t o r s .  The c a l c u l a t e d  
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eddy c u r r e n t  f a c t o r  ( a m u l t i p l i e r  f o r  the D.C. a r m a t u r e  r e s i s t a n c e )  i s  
1 .26  a t  t h e  a l t e r n a t o r  f r e q u e n c y  of 1600 Hz and 700 F s t a t o r  c o o l a n t  
temperature .  The use  of a h ighe r  number  o f  pa ra l l e l  s t r ands  mould 
f u r t h e r  r e d u c e  the  eddy  cu r ren t  f ac to r  bu t  wou ld  resul t  i n  i n c r e a s e d  
a l t e r n a t o r  w e i g h t  c a u s e d  by a cor responding  decrease i n   s l o t   s p a c e  
f a c t o r  ( i . e . ,  r a t i o  of wire area to s l o t  a r e a )  w i t h  Anadur  insulated 
wire . 
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The p e r  u n i t  d i r e c t  a x i s  s y n c h r o n o u s  r e a c t a n c e  v a l u e  f o r  the Phase.  
I1 KTA a l t e r n a t o r  (0.55) fa l ls  below the selected r a n g e  s p e c i f i e d  i n  
the  Phase  I s t u d i e s  (0.7 t o  1.0). This r e s u l t s  f r o m  the lower  armature 
c u r r e n t  of the Phase I1 kVA r a t i n g  and maintenance of the same number 
of  armature slots, c o n d u c t o r s  p e r  s l o t ,  etc., as the Phase I des ign .  
I n c r e a s i n g  the  Xd of the Phase I1 a l t e r n a t o r  would r e q u i r e  a n  i n c r e a s e  
i n  the number of  armature s lots  or a n  i n c r e a s e  i n  the number of 
conductors  per s l o t  from two to f o u r .  It i s  n o t  d e s i r a b l e  to i n c r e a s e  
t h e  number of conductors per slot as p rev ious  d i scuss ions  have  made 
c l e a r .  The number  of  armature slots cannot  be inc reased  a rb i t ra r i ly  
as there are i n v i o l a b l e  r u l e s  g o v e r n i n g  s l o t ,  p o l e ,  p h a s e ,  and p a r a l l e l  
p a t h  r e l a t i o n s h i p s .  The next  highest  number of s l o t s  for the HTA 
a l t e r n a t o r  i s  210 (an increase of  30) i f  a n  i n t e g r a l  s l o t  w i n d i n g  is  to 
be maintained.  This c o n f i g u r a t i o n  has an Xd of  0 .91 ,  an  a l te rna tor  
weight  of  608  pounds,   and  efficiency  of  93.7  percent.   This  compares 
wi th  a n  a l t e r n a t o r  w e i g h t  of 647 pounds and e f f i c i e n c y  of 94.4 percent 
f o r  the selected 180 s l o t  c o n f i g u r a t i o n .  A system weight  pena l ty  of  
70  pounds  per  k i lowat t  of l o s s   r e s u l t s   i n  a system weight savings of 
461 pounds f o r  the selected 1 8 0  s l o t  a l t e r n a t o r .  
The p e r  u n i t  direct ax i s  synchronous  r eac t ance  " X d "  €or the  KTA 
a l t e r n a t o r  i s  low (0.55) r e l a t i v e  t o  v a l u e s  n o r m a l l y  a s s o c i a t e d  w i t h  
aircraft  a l t e r n a t o r s  ( e . g . ,  1.8). Although a low Xd machine   suf fe rs  
the d i sadvan tage  o f  h ighe r  weight, there are many ove r - r id ing  advan tages  
i n  t h i s  a p p l i c a t i o n .  F i r s t ,  the load  component  of  rotor  pole face l o s s  
i s  minimized s ince t h i s  component i s  p r o p o r t i o n a l ,  a s  a f i r s t  approximation, 
t o  (Xd) f o r  a given  spectrum  of  armature  harmonics.   Also,  there i s  
less e f f e c t  f r o m  d i s t o r t e d  c u r r e n t  wave forms tha t  may be created by 
non- l inea r   l oad  characteristics. Unbalance  of  terminal  voltage  between 
the  three p h a s e s  f o r  a given  load  unbalance  i s  less wi th  a low Xd machine. 
F i e l d  power requirements are l e s sened  and t h e  a b i l i t y  t o  meet three 
p h a s e  s h o r t  c i r c u i t  is enhanced a s  Xd is  decreased. F i n a l l y ,  t h e  low 
Xd i n  this a p p l i c a t i o n  a l l o w s  the u s e  of a two c o n d u c t o r  p e r  s l o t  
winding  conf igura t ion  whose benef i t s  have  been  previous ly  descr ibed .  
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The armature  stacks are b u i l t  from 0.004 i n c h  th ick  Hiperco-27 
l amina t ions  wi th  plasma sp rayed   a lumina   i n t e r l amina r   i n su la t ion .  The 
stacks are n o t  welded i n  o r d e r  t o  m i n i m i z e  c o r e  l o s s e s .  R i g i d  ceramic 
s l o t  l i n e r s  are used i n  t h e  s l o t  c h a n n e l s  of the  a rmature  stacks. I n  
o r d e r  t o  e n s u r e  t h a t  the s l o t  l i n e r s  c a n  be i n s e r t e d  i n t o  the s l o t  
channels and t h e  conductor  can be i n s e r t e d  i n t o  the s l o t ,  a c l e a r a n c e  
between the s l o t  l i n e r  and s l o t  c h a n n k l  sides and the s l o t  l i n e r  and 
conductor   must  be allowed. These c l e a r a n c e s  are d e t r i m e n t a l  t o  s l o t  
heat t r a n s f e r ,  e s p e c i a l l y  i n  a hard vacuum where s l o t  heat conduct ion 
characteristics are a lmos t  en t i r e ly  dependen t  on cont rac t  conductance  
and  r ad ia t ion .  If the s p a c e  g a p s  i n  the s l o t  are n o t  f i l l e d  wi th  a heat 
conduct ing material (e.g. ,  a p o t t i n g  compound), t hen  t h e  s l o t  heat f l u x  
d e n s i t y  (watts pe r  squa re  inch )  mus t  be k e p t  low. The best high 
30 
t empera ture  non-organic  pot t ing  compounds have high shrink r a t e s  d u r i n g  
c u r e ,  h i g h  o u t g a s s i n g  r a t e s  i n  h a r d  vacuums, and their  dielectric power 
f a c t o r s  and e l e c t r i c  s t r e n g t h  a t  h igh  tempera tures  are poor.  Because of 
t h e  u n a v a i l a b i l i t y  of a s u i t a b l e  h i g h  t e m p e r a t u r e  i n o r g a n i c  p o t t i n g  
compound f o r  t h e  KTA a p p l i c a t i o n ,  t h e  a r m a t u r e  will n o t  be encapsula ted .  
The lorn slot h e a t  flux d e n s i t y  of the KTA a l t e r n a t o r  d e s i g n  ( a p p r o x i m a t e l y  
5 r r a t t s / i n  ) p r o v i d e s  f o r  a reasonable  temperature  r ise  f rom conductor- to-  
t o o t h  i n  a hard vacuum. Refe r  t o  Chap te r  2.2 of this r e p o r t  for details 
on thermal performance. 
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A low v o l t a g e ,  h i g h  c u r r e n t  s t r a p  wound f i e l d  c o i l  c o d i g u r a t i o n  
was selected f o r  the KTA a l t e r n a t o r .  R e s u l t s  of a  study  performed i n  
the  Phase  I p o r t i o n  of the KTA program shows that  t h i s  c o n f i g u r a t i o n  
p r o v i d e s  b e t t e r  heat t r a n s f e r  c h a r a c t e r i s t i c s  t h a n  a  h igh  vol tage ,  low 
c u r r e n t  f i e l d  c o i l .  A h i g h  v o l t a g e  d e s i g n  r e q u i r e s  many t u r n s  of smal l  
d i a m e t e r  i n s u l a t e d  wire w h i c h  c o n s e q u e n t l y  r e s u l t s  i n  a l a r g e  number of 
i n s u l a t i o n  a n d  c o n t a c t  g a p s  i n  the thermal p a t h  t o  the  heat sink. The 
h i g h  c u r r e n t  c o n f i g u r a t i o n  r e q u i r e s  a  few turns  of l a r g e  c r o s s  s e c t i o n a l  
a r e a  s t r a p  c o n d u c t o r s  t h a t  are o r i e n t e d  so as t o  p r o v i d e  a minimum 
number  of i n s u l a t i o n  a n d  c o n t a c t  g a p s  i n  the thermal   path.   Coolant  
m a n i f o l d s  a r e  l o c a t e d  i n  the frame housing on each side of the f i e l d  
co i l   t o   min imize   t empera tu re  rise. The f ie ld  conductors  are CUBE 
copper  (Be0 d ispers ion   s t rengthened   copper ) .   Synthe t ic   mica   paper*  
mill be used f o r  t u r n  t o  t u r n  i n s u l a t i o n  b e c a u s e  of i ts  low ou tgass ing  
p r o p e r t i e s  a n d  a d e q u a t e  e l e c t r i c a l  p r o p e r t i e s  a t  the o p e r a t i o n  
temperatures  and  voltage  of the KTA a l t e r n a t o r  f i e l d  c o i l .  Alumina 
* Plasma-arc sprayed alumina may b e  p o s s i b l e  a l t e r n a t e .  
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i n s u l a t i o n  i s  p r o v i d e d  f o r  the f i e ld -co i l  t o  coo l ing -man i fo ld  
i n s u l a t i o n .  
Because of the r e q u i r e m e n t  f o r  a ceramic bore seal s e p a r a t i n g  
the r o t o r  and s t a t o r  cavities, the radial  gap between the s t a t o r  and 
r o t o r  must be large enough to accommodate the  bore seal t h i c k n e s s  p l u s  
provide  adequate  running  c learance .  The radial gap f o r  t h e  KTA 
a l t e r n a t o r  i s  0.140 i n c h e s  (with the machine hot and running) and was 
se lec ted  based  on r e s u l t s  of the Phase I parametric s t u d i e s .  
The selected gap was the  larger of  two a l t e rna te  va lues  (0 .130  
and 0.140) which provided  near ly  equal  minimum system weight. The 
l a r g e s t  was chosen  to  minimize  magnet ic  unbalance  forces ,  p rovide  
inc reased   r ad ia l   c l ea rance ,   and   r educe   po le   f ace   l o s ses .  The s e l e c t i o n  
of a large radial g a p  t e n d s  t o  t r a n s f e r  l o s s e s  f r o m  the r o t o r  t o  t h e  
s t a t o r  by r e d u c i n g  r o t o r  p o l e  f a c e  l o s s e s  and i n c r e a s i n g  s t a t o r  f i e ld  
l o s s e s .  Removal of loss heat from the s t a t o r  f i e ld  c o i l  i n s t e a d  of t h e  
r o t o r  i s  a much s imple r  des ign  task which p rov ides  many b e n e f i t s  
regarding machine r e l i a b i l i t y  and  s impl i c i ty .  
A s  ment ioned  in  Chap te r  2 .1 ,  A l t e rna to r  In t e rna l  Des ign  Var i ab le  
R e v i e w ,  a new c a l c u l a t i o n  p r o c e d u r e  w a s  de r ived  as a result  of an 
expe r imen ta l  ve r i f i ca t ion  p rogram fo r  de t e rmin ing  t h e  a c  c i r c u m f e r e n t i a l  
f l u x  i n  t he  armature core .  This  new procedure was i n c o r p o r a t e d  i n t o  t h e  
design program between Phase I and  Phase 11. It r e s u l t s  i n  l o w e r  ac 
c i r c u m f e r e n t i a l  f lux ampl i tudes  than  p rev ious ly  ca l cu la t ed  and an 
approximate   10   percent   cor responding   weight   reduct ion .   Paramet r ic   t rends  
f o r  a l l  studies performed i n  Phase I, except  the  a r m a t u r e  c o r e  f l u x  d e n s i t y  
s t u d i e s ,  are n o t  affected by the  change. A r e run  of t he  a rmature  core  
flux dens i ty  s tudy  (Refe rence  to  Chap te r  2 .1 )  u s ing  the  new procedure 
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r e s u l t e d  i n  t h e  same t r e n d s  as i n  P h a s e  I wi th  the  except ion  of lower 
a l t e r n a t o r  w e i g h t s .  Of course ,   the   lower   ra t ing   o f   the   Phase  I1 KTA 
a l t e r n a t o r  (600 kVA vs.  733 kVA f o r  Phase I )  a l s o  c o n t r i b u t e d  t o  l o w e r  
Phase I1 des ign  weights .  
A l t e r n a t o r  ~. Electrical - .  Performance Data 
A l t e r n a t o r  e l e c t r i c a l  p e r f o r m a n c e  c o m p u t a t i o n s  were made t o  v e r i f y  
tha t  the  per formance  meets the  output  and  o ther  requi rements  of  the  
spec i f i ca t ion .   Pe r fo rmance  w a s  determined a t  t h e  a l t e r n a t o r  maximum 
con t inuous  load  r a t ing  (450 kWe, 0.75 lagging power f a c t o r )  which w a s  
a l s o  s p e c i f i e d  as t h e  n o m i n a l  a l t e r n a t o r  r a t i n g  f o r  p u r p o s e s  of 
a l t e r n a t o r   p e r f o r m a n c e   c a l c u l a t i o n s .  Wave form  and  output   vol tage 
modula t ion  requi rements  a re  re ta ined  as a f i n a l  d e s i g n  g o a l  w i t h o u t  
a n a l y t i c a l  v e r i f i c a t i o n .  
F i g u r e  2 . 1 - 1  p r e s e n t s  t h e  n o  l o a d  v o l t a g e  s a t u r a t i o n  c h a r a c t e r i s k i c ,  
t h e  l o a d  s a t u r a t i o n  c h a r a c t e r i s t i c  a t  417 amperes, 0.75 power f a c t o r  
and a t  zero power f ac to r  l agg ing ,  and  the  th ree  phase  sho r t  c i r cu i t  
c h a r a c t e r i s t i c .  I t  a l s o  p r e s e n t s  s a t u r a t i o n  c h a r a c t e r i s t i c s  a t  the 
s p e c i f i e d   o v e r l o a d   c o n d i t i o n ,   t h a t  i s  6258,  0.9  power f a c t o r ,  l a g g i n g .  
R e q u i r e d  f i e l d  c u r r e n t  t o  o b t a i n  r a t e d  v o l t a g e  a t  the  no l o a d ,  r a t e d  
load,  overload,  and 3 p e r  u n i t  s h o r t  c i r c u i t  c o n d i t i o n s  are 109 amperes, 
166  amperes ,   187  amperes ,   and  189  amperes ,   respect ively.   Al ternator  
e lectr ical  e f f i c i e n c y  i s  p r e s e n t e d  i n  F i g u r e  2 . 1 - 2  a s  a f u n c t i o n  of load 
a t  r a t e d  power f a c t o r .  
Table  2 .1-4  presents  a breakdown  of electrical  lo s ses ,  a rma tu re  
and f i e l d  c u r r e n t  d e n s i t i e s ,  and f l u x  d e n s i t y  i n  t h e  v a r i o u s  a l t e r n a t o r  
magnetic  components a t  rated l o a d   c o n d i t i o n s .   P o l e   f a c e   l o s s e s  were 
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Figure 2.1-2. A1 ternator  Eff ic iency (Excl  udi  ng Terminal , Bus R i n g ,  
Bearing, and Seal  Losses). 
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TABLE 2 . l -4  
ALTERNATOR PERFORMANCE  DATA 
Loss  Breakdown 
Anna t u r e  conduc to r  
F i e l d  c o n d u c t o r  
Armature  s t a c k  loss 
P o l e  f a c e  loss 
Windage loss 
Electr ical  E f f i c i e n c y :  
Cur ren t   Dens i ty  : 
Anna t u r e  
F i e l d  
Flux Density Under Load: 
Dep th  beh ind  s lo t  
Teeth 
Frame 
Ro to r  co re  
Rotor  Pole  
Voltage  Unbalance,   2/3  Rated 
Amps, 1 Phase :  
9 .85 kW 
4.37  kW 
11.38 kW 
1 . 0 2  kW 
0.10 kW 
26.72 kW 
94.4% 
5650 amps/in 
4045  amps./in 
2 
2 
60 k l / i n 2  
2 
1 2 4  k l / i n 2  
1 1 4  k l / i n  
8 0  k l / i n 2  2 
69 k l / i n  
5.7 % (L-N) 
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c a l c u l a t e d  f o r  a g rooved  po le  f ace  conf igu ra t ion  wi th  0.006 inch  wide 
grooves,   0.100  inch  deep,  with a g roove   p i t ch  of  0.034  inch.  Calculated 
l o s s e s  f o r  t h i s  c o n f i g u r a t i o n  a r e  1 0 2 4  watts with 527 watts caused by 
the  too th  r ipp le  component  of s u r f a c e  l o s s  a n d  497 watts caused by t h e  
ha rmon ics  o f  t he  s t a to r  MMF when t h e  a l t e r n a t o r  i s  under  load.  Windage 
l o s s e s  w e r e  c a l c u l a t e d  a s  less than 100 watts;  however,  100 watts are 
assumed f o r  t h e  e f f i c i e n c y  c a l c u l a t i o n .  The listed pe rcen t   vo l t age  
unbalance  cor responds  to  a s ing le  phase  unba lance  cu r ren t  of  2/3 rated 
c u r r e n t .  
2.2 MECHANICAL DESIGN AND PERFOFUVIANCE STUDY 
I n t r o d u c t i o n  
The mechan ica l  des ign  s tud ie s  inc luded  the  f ina l  t he rma l  ana lys i s  
o f   t h e   r o t o r  and s t a t o r ,  t h e  r o t o r  stress a n a l y s i s ,  t h e  s t r u c t u r a l  
weight minimization and stress a n a l y s i s  and f i n a l l y ,  t h e  b o r e  seal 
assembly  design  and  analysis .  The the rma l   ana lys i s  was based on the  
basic Phase I procedures  as w e l l  as t h e  coo l ing  conf igu ra t ion  se l ec t ed  
from  the Phase I s tudies .   Because  t h e  Phase I1 e l e c t r i c a l  power loss 
d e n s i t y  w a s  lowered,  the resul t ing temperature  gradient  between the hot  
spot  and  coolan t  was only about  two h u n d r e d  d e g r e e s  f a h r e n h e i t  i n s t e a d  
of the  three  hundred  degrees  f a h r e n h e i t  of  Phase I. T h i s ,  p l u s  t h e  
reduct ion  of  the  coolan t  tempera ture  to  700  F kep t  a l l  h o t  s p o t s  n e a r  
or below 900°F even on s l o t t e d  ( u n l a m i n a t e d )  p o l e  f a c e s .  
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The r o t o r  stress a n a l y s i s  was completed with a recent ly  deve loped  
computer  program tha t ,  us ing  f in i te  e lement  theory ,  de te rmines  a very 
a c c u r a t e  p i c t u r e  of t h e  e l a s t i c / p l a s t i c  stress p a t t e r n  i n  t h e  i r r e g u l a r  
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r o t o r  body.  Programs and  ca lcu la t ion  rout ines  as complex  and  powerful 
as th i s  one  have  p rev ious ly  been  unava i l ab le ,  awa i t ing  the  adven t  of 
b igge r  and  f a s t e r  compute r s .  
S t r u c t u r a l  w e i g h t  m i n i m i z a t i o n  s t u d i e s  were c a r r i e d  o u t  i n  r e s p o n s e  
to   sugges t ions   t o   Phase  I design  changes.  By d e p a r t i n g  f r o m  a i r c r a f t  
a l t e rna to r  f r ame  des ign  t echn iques  and  us ing  ae rospace  s t ruc tu ra l  des ign  
t e c h n i q u e s ,   s i g n i f i c a n t   w e i g h t   r e d u c t i o n s  were achieved.  The r e s u l t i n g  
l igh t -weight  f rame d id  in t roduce  some new problems assoc ia ted  wi th  the  
ro to r  dynamics  and  v ib ra t ions ,  b u t  they are so lvab le  wi th  des ign  
re f inements  a t  the  next  (hardware)  s tage  of des ign .  
The bore seal d e s i g n  e f f o r t  c o n c e n t r a t e d  upon the  two t a s k s  of 
becoming f a m i l i a r  w i t h  b i m e t a l l i c  j o i n t  t e c h n o l o g y  a n d  t h e n  d o i n g  b a s i c  
stress a n a l y s e s  on t h e   s e l e c t e d   b o r e   s e a l   d e s i g n .  The s tudy  showed t h a t  
t h e  b a s i c s  are well i n  hand f o r  p r o c e e d i n g  i n t o  a major development 
e f f o r t  t o  b r i n g  t h e  b o r e  seal assembly up to  the same developmental  
s t a t u s  as t h e  rest o f  t h e  a l t e r n a t o r .  A l o g i c a l  p l a n  w a s  d e r i v e d  t h a t  
does  not  take  a “shot -guni r  approach  to  achieve ,  as qu ick ly  as p o s s i b l e ,  
a high degree of  developmental  o r  o p e r a t i o n a l  s u c c e s s  o n  t h e  f i r s t  bore’ 
sea l  assembly .  
Once the needs of t h e  b i m e t a l l i c  j o i n t  were r e a l i z e d ,  i t  w a s  
p o s s i b l e  t o  c o n f i g u r e  a s impler  bu t  more r e l i a b l e  b o r e  seal assembly 
des ign   i n   Phase  I1 ( r e l a t i v e  t o  t h a t  i n  P h a s e  I) .  More impor t an t ly ,  
however, was t h e  r e a l i z a t i o n  t h a t  t h e  d e s i g n  a n d  f a b r i c a t i o n  of a l l  
the components of the  bo re  seal assembly must be c l o s e l y  c o o r d i n a t e d  
such  tha t  each  o f  t he  seeming ly  sepa ra t e  a reas  of t he  des ign  are i n  
fact   complimenting  each  other .   In   other   words,   the   components   of   the  
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the  assembly  cannot  be  deve loped  separa te ly  wi thout  a thorough knowledge 
of each of t h e i r  r e q u i r e m e n t s  , f u n c t i o n s  or l i m i t a t i o n s .  
Thermal  Analysis  
The the rma l  des ign  and  ana lys i s  i s  based  on  the  se lec ted  cool ing  
conf igu ra t ion   and   ca l cu la t ion   me thods  of the  Phase I s tudies .   Because  
of t h i s ,  t he  comple t e  detai ls  o f  t h e  s t u d i e s  w i l l  no t  be  repea ted .  
Contained below i s  a b a s i c  d e s c r i p t i o n  o f  t h e  a n a l y t i c a l  m o d e l ,  t h e  
a n a l y t i c a l  m e t h o d s  a n d  f i n a l l y ,  a summary of t h e  r e s u l t s .  
S ta tor   Cool ing   Conf igura t ion .  The s t a t o r   f r a m e   c o o l i n g   c o n f i g u r a t i o n  
c o n s i s t s  of fou r  360-degree  c i r cumfe ren t i a l  coo l ing  man i fo lds  on  the  
o u t s i d e   o f   t h e   s t a t o r   m a g n e t i c   f r a m e   s e c t i o n s   ( F i g u r e  2.3-1). These 
manifolds  are ducted  to  the  outs ide  of  the  hermet ic  shroud around the  
a l t e r n a t o r  f r a m e  f o r  access to   t he   coo lan t   supp ly   l i nes .   Coo l ing  i s  
achieved by conduc t ion  f rom the  hea t  gene ra t ing  anna tu re  wind ings  and  
s tacks   th rough  the   s ta tor   f rame  and   mani fo ld  walls. The end   tu rns  of 
t he  s t a t o r  ( a r m a t u r e )  w i n d i n g s  are a l s o  c o o l e d  by  r a d i a t i o n  t o  the  
surrounding  end bel l  and   conduct ion   to   the   s ta tor   f rame.   Between 
s t a c k s ,  B e 0  space r s  t ha t  doub le  a s  h e a t  s i n k s  ac t  t o  a i d  i n  t r a n s f e r r i n g  
(by r a d i a t i o n  a n d  c o n d u c t i o n )  t h e  a r m a t u r e  l o s s e s  t h e r e  t o  t h e  f i e l d  
c o i l  c o o l i n g  s i n k .  
The t h e r m a l  a n a l y s i s  o f  t h i s  c o n f i g u r a t i o n  was c a l c u l a t e d  w i t h  t h e  
use  of two computer  programs. The f i r s t  i s  a d ig i ta l   computer   p rogram 
f o r  f i n d i n g  the t r a n s i e n t  a n d / o r  s t e a d y  state (TGSS) temperature  
d i s t r i b u t i o n s  o f  a t h r e e   d i m e n s i o n a l   i r r e g u l a r  body. This  program, 
used i n  t h e  P h a s e  I s tud ie s ,  cons ide r s  t he  hea t  t r ans fe r  mechan i sms  
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of  conduct ion  be tween in te rna l  po in ts ,  conduct ion  be tween in te rna l  and  
su r face  po in t s ,  r ad ia t ion  be tween  su r face  po in t s ,  and  r ad ia t ion ,  f r ee  
convect ion,  and forced convect ion between surface and boundary points .  
I t  a l s o  c o n s i d e r s  i n t e r n a l  h e a t  g e n e r a t i o n  w h i c h  i s  a f u n c t i o n  of space 
and time. Boundary  temperatures may vary  as  a f u n c t i o n  of time. The 
second  program i s  a modified  version  of TGSS. This  second  program  has 
e l i m i n a t e d  t h e  t r a n s i e n t  c a p a b i l i t i e s  of TGSS and changed the solut ion 
of the  genera l  hea t  conduct ion  equat ion  f rom the  expl ic i t  method used  
i n  TGSS to  an  impl i c i t  me thod ,  t he reby  a l lowing  a l a r g e r  time s t e p  and 
t h e  u s e  of less d ig i t a l  computer time. However, this   second  program 
( s t e a d y  s t a t e ) ,  d u e  t o  i ts  method of s o l u t i o n ,  i n t r o d u c e s  a n  e r r o r  t o  
the  resul ts .  For our c a l c u l a t i o n s   t h o u g h ,   t h i s   e r r o r  i s  q u i t e   t o l e r a b l e .  
In  genera l ,  mos t  of t h e  f i n a l  resul ts  were obtained through use  of t h e  
s t eady  s ta te  program with occasional use of t h e  TGSS program for r e s u l t  
v e r i f i c a t i o n .  
The c a l c u l a t i o n  of a t e m p e r a t u r e  d i s t r i b u t i o n  f o r  t h e  s t a t o r  f r a m e  
by use of these computer  programs involves  the set t ing up  of  a nodal  
g r i d  work  of t h e  s t a t o r .  For t h e  sake of   conserving  computer   s torage 
space ,  a s y m m e t r i c a l  a x i a l  s e c t i o n  was taken as t h e  a n a l y t i c a l  m o d e l .  
The three  d imens iona l  sec t ion  compr ised  one-ha l f  a s t a t o r  t o o t h  p i t c h  
plus  one-half  a s l o t  p i t c h  f o r  a sec t ion  compr i s ing  1 .0  degree  of a r c  
c i r c u m f e r e n t i a l  volume. An axial  l eng th  of o n e - h a l f   t h e   t o t a l   s t a t o r  
l eng th  was chosen for t h e  symmetrical  model.  These  models  correspond 
t o  t h e  b a s i c  c o n f i g u r a t i o n s  r e p o r t e d  i n  P h a s e  I a s  d o  t h e  p r o p e r t y  d a t a  
and  conf igu ra t ion  cons t an t s  such  a s  the  c r i t i ca l  0 .2  w a t t s / i n  / C 
equ iva len t  s lo t  conduc tance .  
2 0  
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Fie ld   Coi l   Cool ing   Conf igura t ion .   In   the  KTA Phase I s tudy ,  i t  w a s  
" ~ 2 _  
shown t h a t  i t  i s  d e s i r a b l e  t h a t  direct c o o l i n g  o f  t h e  f i e l d  c o i l  be 
i n c l u d e d  i n  t h e  s t a t o r  c o o l i n g  c o n f i g u r a t i o n .  The Phase I1 des ign   has  
two s e p a r a t e  c i r c u l a r  c o o l i n g  d u c t s  t h e  f u l l  h e i g h t  of t h e  f i e l d  c o i l ,  
one  on e i t h e r  a x i a l  s i d e  of the   co i l   ( see   F igure   2 .3-1) .  They are 
e lectr ical ly  i s o l a t e d   f r o m   t h e   c o i l  by ceramic i n s u l a t i o n .  The coo l ing  
d u c t s  o n  t h e  c o i l  sides provide  a s h o r t ,  d i r e c t  t h e r m a l  p a t h  t o  t h e  
c o o l a n t  f o r  e a c h  e lectr ical  t u r n  a s  w e l l  a s  a d d i t i o n a l  c o o l i n g  f o r  t h e  
s t a c k  and ac   windings   be tween  the   s tacks .   These   coolan t   duc ts   a re  
duc ted  t o  t h e  o u t s i d e  of t h e  a l t e r n a t o r  h e r m e t i c  f r a m e - s h r o u d  f o r  a c c e s s  
to   t he   coo lan t   supp ly .  The f i e l d  c o i l  c o o l i n g  d u c t s  and t h e  s t a t o r  
f rame cool ing d u c t s  should be i n  p a r a l l e l  f l o w  b u t  may be i n  series i f  
volumetr ic  f low requirements  penal ize  the s y s t e m  coo l ing  conf igu ra t ion  
(See Figure 2.3-1). 
I n i t i a l l y ,  a n  a n a l y t i c a l  model r e p r e s e n t i n g  a s imula t ion  of t he  
s t a t o r  f r a m e  w i t h  assumed r o t o r  p o l e  t i p  s u r f a c e  t e m p e r a t u r e s  a s  f i x e d  
boundary  values w a s  run on t h e  computer  programs. These results were 
found  to  be inconc lus ive  due to   t he   a s sumed   ro to r   cond i t ions .  I t  was 
concluded  tha t  a new model t h a t  i n c l u d e d  t h e  c o l l e c t e d  s t a t o r  a n d  r o t o r  
geometr ies   should be analyzed.  This a n a l y t i c a l  model b e t t e r  simulated 
t h e  a c t u a l  p h y s i c a l  s i t u a t i o n  i n  one sense but because of  computer 
s t o r a g e  l i m i t a t i o n s ,  p r e v e n t e d  a n a l y z i n g  t h e  r o t o r  t e m p e r a t u r e s  i n  t h e  
c i r c u m f e r e n t i a l   d i r e c t i o n .   T h u s ,   t h e   r o t o r   t e m p e r a t u r e s   c a l c u l a t e d  
were based  on  an  ana ly t ica l  model  of 1 . 0  degree  of a r c  o f f  a n  a x i a l  
p lane  through the  center  of the  pole .  
Rotor  Cooling  Configuration. The r o t o r   c o o l i n g   c o n f i g u r a t i o n  
c o n s i s t s  o f  a c e n t r a l  c o o l a n t  h o l e  w i t h  t h e  700 F c o o l a n t  p a s s i n g  0 
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t h r o u g h  t h e  h o l e  i n  series with t h e  a n t i  d r i v e  e n d  b e a r i n g  l u b r i c a n t .  
For ca lcu la t ion  o f  t he  comple t e  ro to r - s t a to r  t empera tu re  d i s t r ibu t ion ,  
h e a t  t r a n s f e r  mechanisms of both  conduct ion  to  the  coolan t  Passage and 
r a d i a t i o n  t o  t h e  e n d  b e l l  h o u s i n g  were considered.  The e f f e c t s  o f  
windage  losses  and  losses  for  bo th  slotted a n d  s o l i d  r o t o r  p o l e  f a c e  
c o n f i g u r a t i o n s  were i n c l u d e d  i n  t h e  a n a l y s i s .  
Summary of   Resul t s .  The t e m p e r a t u r e   d i s t r i b u t i o n s  shown i n  
Figures  2 .2-1 and  2 .2-2  represent  the  computer  ou tputs  for  a 700 F 
s t a t o r  c o o l a n t  a n d  s l o t t e d  r o t o r  p o l e  f a c e s .  An a n a l y s i s  f o r  a n  800 F 
s t a t o r  c o o l a n t  for s l o t t e d  r o t o r  p o l e  f a c e  c o n f i g u r a t i o n s  i s  g i v e n  i n  
Figures  2.2-3  and  2.2-4. The 800 F s ta tor  coolan t  models  do  not  conta in  
t e m p e r a t u r e  d i s t r i b u t i o n s  f o r  the end be l l  ex t ens ions  above  the s t a t o r  
end  turns  due  to  the  l a te  a d d i t i o n  of t h i s  s e c t i o n  t o  the main  thermal 
0 
0 
0 
a n a l y t i c a l  model. I t  should be n o t e d  t h a t  t h i s  a d d i t i o n  r a i s e d  t h e  end 
turn temperatures  approximately 10 F o v e r  t h e  o r i g i n a l  700 F s t a t o r  
wi thout   end   be l l s   (no t  shown). The r e l a t i v e  d i f f e r e n c e  i n  t h i s  a d d i t i o n  
0 0 
i s  n e g l i g i b l e  t o  t h e  t o t a l  t h e r m a l  map. The coo lan t  and  boundary 
temperatures shown are necessary approximations (of e x p e c t e d  r e s u l t s )  
f o r  computer  input  requirements. The coolant   approximations are based 
on  the  average  of   inlet   and  out le t   temperatures .  The void  temperatures,  
used as r a d i a t i o n  h e a t  s i n k s ,  are based on approximations through 
expe r i ence  wi th  p re l imina ry  ca l cu la t ions .  
A s i g n i f i c a n t  f e a t u r e  s h o u l d  a l s o  be n o t e d  i n  t h e  f i g u r e s  i n  
comparison  of  the 700 F and 800 F s ta tor  coolan t  models .  The heat f l u x  
ac ross  the  a i r  gap and bore seal be tween  ro to r  and  s t a to r  r eve r ses  
0 0 
i t s e l f  w i t h  t h e  r e d u c t i o n  of coolant   temperature .   This  i s  a l s o  
i l l u s t r a t e d  i n  a comparative summary of  the  s ign i f icant  tempera tures ,  
Table 2.2-1. 
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Figure 2.2-1. Stator Configuration 7OO0F Stator  Coolant  Slotted  Rotor 
Pol e Faces. 
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F i g u r e  2.2-2. R o t o r   C o n f i g u r a t i o n  7OO0F S t a t o r   C o o l a n t   S l o t t e d  
Pole   Face.  
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Figure 2.2-3. Stator  Configuration, 8OO0F Stator   Coolant ,   Slot ted,  
Rotor Pole Faces. 
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F i g u r e  2.2-4. Rotor   Conf igura t ion ,  8OO0F S ta to r   Coo lan t ,   S lo t ted  
Rotor  Po le  Faces. 
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TABLE 2.2-1 
PRELIMINARY COMPARATIVE ALTERNATOR TEMPERATUFES* 
700 F Stator Coolant 
0 
8OO0F Stator  Coolant  
Slot ted Rotor  Solid Rotor Slot ted Rotor  Solid Rotor 
Pole Face Pole Face Pole Face Pole Face 
9 OO°F 9 OO°F  929'F 929'F 
Arm. Wind. Below F. C. Arm.Wind.Below F.C. End Turns End Turns 
875'F  875'F 927'F  927'F 
867OF  867OF 912OF 9 12'F 
720°F  720°F 820°F 8 20°F 
862OF 8  7 4OF 862OF  873'F 
Rotor   t   S ta tor   o tor  t   S ta r   S aRo r   S ta tor    o r
1024  watts  1410  watts  1024 watts 1410  watts 
* Excludes  the  e f fec ts  of t he  end b e l l  between the armature end turns and the 725 F void  ambient. Was done 0 
pr ior  to  inc luding  the  s imula ted  end b e l l  i n t o  t h e  a n a l y t i c a l  model. 
One of the  major  conclus ions  coming f rom the  thermal  ana lyses  was 
t h a t  t h e  r e d u c t i o n  i n  r o t o r  c o o l a n t  t e m p e r a t u r e  t o  700 F o b v i a t e d  t h e  
need f o r  l a m i n a t e d  p o l e  f a c e s .  The p o l e  t i p  t e m p e r a t u r e s  w i l l  be less 
t h a n  900 F w i t h  s l o t t e d  p o l e  f a c e s ;  h e n c e ,  r e l i a b i l i t y  s h o u l d  b e  e n h a n c e d  
w i t h   t h e   s o l i d   p o l e   b o d i e s .   I n  f ac t ,  b a s e d   o n   t h e   c a l c u l a t e d   r e s u l t s  
shown o n  T a b l e  2 . 2 - 1  s o l i d  p o l e  f a c e s  s h o u l d  s u f f i c e .  I n  t h e  i n t e r e s t s  
of r e l i a b i l i t y  and design conservat ion,  however ,  it, i s  proposed the 
s l o t t e d  p o l e  f a c e  c o n s t r u c t i o n  be used. 
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Scavenge   Sys tem  Per formance .   Par t   o f   the   a l te rna tor   ro tor   coolan t  
f l o w  c i r c u i t  c o n s i s t s  of a scavenge s y s t e m  which can be used to scavenge 
l iquid  potassium  from  var ious  compartments   within  the assembly.  The 
compartments from which l iquid potassium can be scavenged are (1) t h e  
enc losu re   a round   t he   d r ive   sha f t   coup l ing ,  (2) t h e  r o t o r  c a v i t y ,  and (3 )  
t he  low p res su re  chamber  be tween  the  l i qu id  and  vapor  sha f t  seals. 
Liquid potassium w i l l  l e a k  i n t o  t h e  e n c l o s u r e  a r o u n d  t h e  d r i v e  s h a f t  
b e f o r e  s t a r t - u p  a n d  d u r i n g  t h e  i n i t i a l  a c c e l e r a t i o n  of t h e  r o t o r  s i n c e  
the  l i qu id  wi th in  the  bea r ing  compar tmen t s  i s  confined by dynamic seals. 
These seals w i l l  n o t  e f f e c t i v e l y  c o n f i n e  t h e  l i q u i d  u n t i l  t h e  r o t o r  h a s  
b e e n  a c c e l e r a t e d  t o  a minimum "seal ing"  speed.  The p o i n t  a t  which  the 
seals w i l l  become ef fec t ive  depends  upon the  pressure  wi th in  the  bear ing  
compartment. For example, i f  t h e  u n i t  were s t a r t e d   w i t h   a p p r o x i m a t e l y  
5 ps i a  p re s su re  in  the  bea r ing  compar tmen t s ,  t he  l i qu id  migh t  be 
e f f e c t i v e l y  c o n f i n e d  a t  speeds as low a s  4000 rpm. For the  wors t  des ign  
case, i t  i s  r e a s o n a b l e  t o  assume t h a t  t h e  c o u p l i n g  e n c l o s u r e  w i l l  be 
f i l l e d  w i t h  l i q u i d  b e f o r e  t h e  seals become e f f e c t i v e .  T h i s  l i q u i d  m u s t  
be  removed b e f o r e  t h e  r o t o r  i s  a c c e l e r a t e d  t o  d e s i g n  s p e e d  i n  o r d e r  t o  
p r e v e n t  damage of  the coupl ing from hydrodynamic forces .  
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Liquid w i l l  f l o w  in to  t h e  r o t o r  c a v i t y  i f  t h e  s h a f t  seals between 
t h e  b e a r i n g s  a n d  r o t o r  c a v i t y  are less than   pe r f ec t .   These   sha f t  seals 
can only be designed t o  p r e v e n t  a large volume  of l iqu id  potass ium f rom 
l e a k i n g  i n t o  the r o t o r  c a v i t y .  The r o t o r  cannot be a c c e l e r a t e d  w i t h o u t  
damage of  the  bore  seal i f  a large volume of l i q u i d  were p r e s e n t  w i t h i n  
t h e  r o t o r  c a v i t y .  Any l iqu id  wh ich  passes  th rough  the  sha f t  seals must 
be removed as  l i q u i d  or vapor  through the  molecular  pumps or t h e  
aux i l i a ry   s cavenge  s y s t e m .  S ince   the  pumping speed  of   the  molecular  
pumps are very  low,  they w i l l  be  unable  to  remove the  vapor  a s soc ia t ed  
with a s i g n i f i c a n t  amount  of l i qu id .   Thus ,   t he   l i qu id   wh ich   f l ows   i n to  
t h e  r o t o r  c a v i t y  m u s t  be  removed, f o r  t h e  m o s t  p a r t ,  by t h e  a u x i l i a r y  
scavenge s y s  t e m .  
The scavenge  scheme f o r  t h e  v a r i o u s  c o m p a r t m e n t s  c o n s i s t s  of a 
d y n a m i c  s l i n g e r  i n  t h e  a n t i  d r i v e  e n d  o f  t h e  r o t o r  as  i l l u s t r a t e d  i n  
F igu re  2.2-5. The s l inger   conta ins   equal ly-spaced   chambers   which  are 
v e n t e d   i n t o   t h e   b e a r i n g   c a v i t y .  These chambers  produce  solid body 
r o t a t i o n  of t he  l i qu id  wh ich  p roduces  l a rge  cen t r i fuga l  fo rces  upon  the  
dense   l i qu id .  The c e n t r i f u g a l  head g e n e r a t e d   i n   t h e   s l i n g e r  i s  
s u f f i c i e n t  t o  o v e r c o m e  t h e  p r e s s u r e  w i t h i n  t h e  b e a r i n g  e v e n  f o r  t he  
l i q u i d  v a p o r  p r e s s u r e  a t  t h e  c e n t r a l  p o r t i o n  o f  t h e  s l i n g e r  as  
i l l u s t r a t e d  i n  F i g u r e  2.2-6. The low p r e s s u r e  i n  t h e  c e n t r a l  p o r t i o n  
o f  t h e  s l i n g e r  p r o v i d e s  a s i n k  f o r  t h e  l i q u i d  w i t h i n  t h e  r o t o r  c a v i t y ,  
coupl ing enclosure,  and the low pressure chamber  between the shaf t  seals. 
A pressure  head  i s  n e c e s s a r y  t o  c i r c u l a t e  t h e  l i q u i d  f r o m  t h e  d r a i n  
po r t  on  the  coup l ing  enc losu re  and /o r  t he  ro to r  cav i ty  to  the  scavenge  
p o r t s  o n  t h e  a n t i  d r i v e  e n d  of t h e  a l t e r n a t o r .  T h i s  c a n  be accomplished 
by o p e r a t i n g  t h e  a s s e m b l y  i n  a v e r t i c a l  p o s i t i o n  w i t h  t h e  a n t i  d r i v e  
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Figure 2.2-5. Rotor Cavity  Scavenge System Details. 
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Figure 2.2-6. Slinger  Centrifugal Head. 
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end down, u s i n g  g r a v i t a t i o n a l  f o r c e s  t o  c i r c u l a t e  t h e  l i q u i d .  Such a n  
arrangement would n o t  work u n l e s s  g r a v i t a t i o n a l  f o r c e s  exis t .  For t h e  
KTA, however ,  dynamic  s l ingers  can  be  incorpora ted  on  the  ro ta t ing  
p a r t s  t o  p r o v i d e  s u f f i c i e n t  v e l o c i t y  h e a d  t o  c i r c u l a t e  t h e  l i q u i d  f r o m  
t h e  v a r i o u s  d r a i n  p o r t s  t o  t h e  s c a v e n g e  p o r t s  i n  t h e  a n t i  d r i v e  e n d  of 
t h e  a l t e r n a t o r .  
The ro tor  cavi ty  cannot  be  vented  in to  the  scavenge  s y s t e m  b e f o r e  
t h e  c e n t r a l  p o r t i o n  of t h e  s l i n g e r  i s  empty; i f  i t  were, l i q u i d  c o u l d  
f l o w  i n t o  t h e  r o t o r  c a v i t y .  T h u s ,   t h e   d r a i n   l i n e   f r o m   t h e   r o t o r   c a v i t y  
must  contain a valve which can be opened and closed a t  t h e  p r o p e r  time 
d u r i n g   t h e   s t a r t - u p   c y c l e .  The valve would  be c l o s e d  a f t e r  t h e  r o t o r  
c a v i t y  i s  d ra ined  so the  molecu la r  pumps can  reduce  the  pressure  wi th in  
t h e  r o t o r  c a v i t y .  
S t r u c t u r a l  Weight Minimization 
I n t r o d u c t i o n .  The t o t a l   r o t o r  and s t a t o r   w e i g h t   r e q u i r e d   i n   t h i s  
600 kVA machine f o r  p r o p e r  e l e c t r i c a l  e f f i c i e n c y  p l u s  u n a v o i d a b l e  
bea r ing ,  hous ing  and  s tub  sha f t s  i s  approx ima te ly  e igh t  hundred  fo r ty  
(840) pounds. The Phase I a l t e r n a t o r  s c a l e d  t o  t h i s  600 kVA size had 
a n  a d d i t i o n a l  e n d  s t r u c t u r e  or end be l l  weight  of  about  two hundred 
(200) pounds. I n i t i a l  a t t e m p t s  i n  P h a s e  I1 t o  m i n i m i z e  t h i s  e n d  b e l l  
w e i g h t  r e s u l t e d  i n  a r e d u c t i o n  of t h e  two hundred ( 2 0 0 )  pounds t o  a b o u t  
one  hundred  (100)  pounds. A t  t h a t   p o i n t   i n   t h e   P h a s e  11 d e s i g n ,  
s t ruc tura l  exper t s  f rom the  West inghouse  Ast ronuclear  Labora tor ies  
were b rough t  i n to  the  des ign  team t o  e v o l v e  a l i g h t e r  w e i g h t  
c o n f i g u r a t i o n   w i t h o u t   s a c r i f i c i n g   s t r e n g t h .  A s  a r e s u l t  of the   s tudy  
a t  A s t r o n u c l e a r  L a b o r a t o r i e s ,  a p r e l i m i n a r y  e n d  b e l l  c o n f i g u r a t i o n  w a s  
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evolved which meets the  s t ruc tu ra l  r equ i r emen t s  and  has  a weight of about 
half   of   the   one  hundred (100) pounds, i .e.,  f o r t y - s i x  (46) pounds. The 
s tudy  t o  evo lve  this d e s i g n  d i d  n o t  allow for refinements on t h i s  "first" 
minimum we igh t   des ign .   The re fo re ,   t he   p re sen t   des ign   mus t   be   cons ide red  
p r e l i m i n a r y  a t  t h i s  s t a g e .  
I t  i s  b e l i e v e d  t h a t  t h i s  e n d  b e l l  c o n c e p t  is  f o r  a l l  p r a c t i c a l  
purposes  a minimum weight   des ign .  The concept  shown i s  s t a b i l i t y  
l i m i t e d  r a t h e r  t h a n  d e f l e c t i o n  or size l imi ted  wi th  one  except ion .  
Analysis by the General  Electr ic  Company and Mechanical Technology Inc. 
r e v e a l e d  t h a t  t h e  radial  and a x i a l  d e f l e c t i o n s  or s p r i n g  rates were such 
t h a t   t h e y   a f f e c t e d   t h e   r o t o r   d y n a m i c s   c h a r a c t e r i s t i c s .   T h e r e f o r e ,   i n  
the next  phase (hardware type phase ) ,  i t  w i l l  be n e c e s s a r y  t o  add 
s t i f f e n i n g  t o  t h e  d e s i g n  i n  t h e  c o n i c a l  e n d  bel l  areas t o  i n c r e a s e  t h e  
s p r i n g  rates. I t  a l s o  a p p e a r s  t h a t  i t  cou ld   be   poss ib l e   t o   ob ta in  
another  weight  reduct ion  of  about  twenty  (20) pounds by s t i f f e n i n g  t h e  
weaker  sec t ions  w i t h  some s o r t  of  sandwich s t ructure  a t  t h e  expense  of 
i nc reas ing  the  cos t  and  complex i ty  of t h e  components b y  perhaps a f a c t o r  
of f i v e   t o   t e n .  This add i t iona l   twen ty  (20) pound r e d u c t i o n   i n  a n ine  
hundred (900) pound machine does not  appear  pract ical .  
Desiga Summary. Ce r t a in   g round   ru l e s  were f o l l o w e d   f o r   t h e  
p r e l i m i n a r y  s t r u c t u r a l  d e s i g n .  No a t t e m p t  w i l l  be made t o  l i s t  eve ry  
c o n s t r a i n t  b u t  t h e  more s i g n i f i c a n t  o n e s  are tabulated below.  
(1) The end bel l  material must  be  non-magnetic  and  compatible 
f o r  mount ing  to  the  Hiperco-27  s ta tor  material. 
(2)  The end bells m u s t  b e  s u f f i c i e n t l y  r i g i d  t o  p r e v e n t  b e a r i n g  
hous ing  def lec t ions  f rom exceeding  0 .010  inches  t rans la t ion  
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and 0.012 degrees  ro t a t ion  wh i l e  w i ths t and ing  env i ronmen ta l  
shock  and  v ibra t ion  loadings  as w e l l  a s  d e s i g n  p r e s s u r e  a n d  
temperature  as  s p e c i f i e d .  
The bear ing  hous ing  conf igura t ion  must  be maintained so t h a t  
t h e  in t e r f aces  wi th  the  bea r ing  and  seal housings are n o t  
a1 t e r e d  . 
Prov i s ion  m u s t  be made f o r  p e n e t r a t i o n  o f  t h e  ant i -dr ive-end 
end b e l l  by t h i r t y  e lec t r ica l  leads with approximately one-  
ha l f  i nch  c l ea rance  a round  each  l ead .  
The d e s i g n  m u s t  a l s o  p r o v i d e  f o r  s u i t a b l e  s e a l i n g  o f  t h e  
r o t o r  c a v i t y  a n d  l e n d  i t s e l f  t o  r e a s o n a b l e  a s s e m b l y  
p rocedures  tha t  are restricted somewhat  by the  requi rements  
of t h e  bore seal and  the  des ign  o f  t he  in t eg ra t ed  s t a to r  and  
r o t o r .  
A l l  of the above requirements were c o n s i d e r e d  i n  a r r i v i n g  a t  t h e  
s t r u c t u r a l   d e s i g n .   I n  some areas, t h e   r e s u l t i n g   d e s i g n  i s  over-designed;  
i . e . ,  t he  stresses were low  compared t o  t h e  material a l lowab le  stress. 
I n  some areas, a n o t h e r  limit has been reached - - t h e  stress i n  t h e  
s h e e t  metal components i s  l i m i t e d  by buckl ing.  No  a t t empt  was made t o  
o p t i m i z e  t h e  s i t u a t i o n  on a c o s t  b a s i s ,  t h a t  i s ,  choose a cheape r ,  
weaker material . 
The choice  of  end  be l l  material i s  l i m i t e d  by ce r t a in  r equ i r emen t s  
d i c t a t e d  by t h e  e lec t r ica l  design.  B a s i c a l l y ,  t h e s e  are (1) t h e  material 
must  be  non-magnetic, (2) i t  must be compa t ib l e  wi th  the  ope ra t ing  
temperature  of  approximately 900 F, and ( 3 )  t h e  c o e f f i c i e n t  o f  t h e r m a l  
expansion  must  be  between 4.1 and 6.4 x 10 i n c h e s   p e r   i n c h   p e r  F. 
0 
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The c o e f f i c i e n t  of a thermal  expansion requirement  i s  one of t h e  more 
c r i t i ca l  l i m i t a t i o n s  b e c a u s e  i t  i s  necessary  to match as c l o s e l y  as 
poss ib le  the  expans ion  of  the  Hiperco-27 ,  the  H-11 and the bore seal end 
member a s sembly   s t ruc tu re .   Coe f f i c i en t s  of expansion  which  exceed  the 
range or are much lower than the range complicate  the design problem, 
e s p e c i a l l y  i n  t h e  b o r e  seal end m e m b e r  d e s i g n ,  a n d  c a n  a f f e c t  t h e  
r e l i a b i l i t y  o f  t h e  d e s i g n  as a r e s u l t .  The pr imary  candida te  materials 
c o n s i d e r e d  f o r  t h e  e n d  b e l l  are l i s t e d  i n  T a b l e  2 . 2 - 2 .  Of t h e  f i v e  
materials shown, only  two h a v e  c o e f f i c i e n t s  o f  e x p a n s i o n  w h i c h  f a l l  i n t o  
the   des i r ed   r ange .  One of  them, the   T i t an ium  a l loy ,   l ooks   qu i t e  
a t t r a c t i v e  e x c e p t  f o r  t h e  o x i d a t i o n  r e s i s t a n c e  a t  temperature .  The 
second one, t h e  Carpenter-42,  i s  magnetic up t o  a b o u t  700 F which  would 
p r e c l u d e  t h e  c a p a b i l i t y  o f  t e s t i n g  t h e  a l t e r n a t o r  a t  room tempera ture ;  
t h u s ,  i t  cannot  be s e r i o u s l y  c o n s i d e r e d .  The Has te l loy  B m a t e r i a l  h a s  
0 
p r o p e r t i e s  w h i c h  l o o k  a t t r a c t i v e  e x c e p t  t h e  c o e f f i c i e n t  of thermal 
expansion i s  s l i g h t l y  h i g h e r  t h a n  t h e  r a n g e  s p e c i f i e d  and  the y i e l d  
s t r e n g t h  i s  only  39,000 p s i  a t  t e m p e r a t u r e .  
For purposes  of t h e  a n a l y t i c a l  s t u d y  to  de te rmine  stress, the  
Inconel  718 a l l o y  w a s  a r b i t r a r i l y  s e l e c t e d *  f o r  t h e  r e p r e s e n t a t i v e  e n d  
b e l l  material because  of i t s  h i g h  s t r e n g t h  a t  temperature ,  i t s  
reasonab ly  c lose  ma tch  to  the  r equ i r ed  the rma l  expans ion ,  i t s  magnetic 
p r o p e r t i e s   a n d  i ts  e x c e l l e n t   f a b r i c a b i l i t y .  A s  shown l a t e r ,   t h e  
stresses c a l c u l a t e d  f o r  t h e  d e s i g n  u s i n g  t h e  I n c o n e l  718 were 
*It was s e l e c t e d  p r i o r  t o  t h e  s u r v e y  of Table 2.2-2 being completed. 
A s  s een  in  the  Tab le ,  Incone l  718 cannot be considered one of the better 
cho ices   due   t o  i t s  h igh   coe f f i c i en t   o f   expans ion .   Neve r the l e s s ,   t he  stress 
d a t a  g i v e n  f o r  I n c o n e l  718 end b e l l s  are given because (1) i t  w a s  t he  on ly  
case ca l cu la t ed  and  (2 )  i t  should be r e p r e s e n t a t i v e  of t he  stresses i n  t h e  
Has te l loy  B end b e l l  material f i n a l l y  selected. 
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TABLE 2.2-2 
1. Coeff. Therm. Exp. 
(idin-'F i 
2. Temp. Raqe I'F) 
3. Stress (psi) 
4 .  Non-Magnetlc ()IJ 
5. PrDperties: 
E 
P 
X 
a;- 
07 
Elongation 
6. Weldability 
7. Fabricability 
8. Available Forms 
9. K Resistance 
10. Oxidation Resistance 
Req1Ire;l 
Prozert'f 
4.1-6.4~10-~ 
rt-89O'F 
3@,000 psi 
1.0 - 2.0 
END  BELL  MATERIAL COMPARISON 
'"astelloy B Incone; -12 
Ni.2.jC0.2~uc.lCr.6Fe 53?;i.2:.Cr,jCk.3130 Ti. 13V. IlCr. 3 i . l  
PliOC'A 
6.66~10-~ (rt-10OO'F) 
Paramagnetic, 
1.000 & 4 1.001 
27.8~10~ S BOO'F 
0.334  &/in3 a rt 
B 890'F 
102 Btu-in/ft2-hr-'F 
39,000 p s i s  89O'F 
104,r)OO psi @ 890°F 
66% - 89O'F 
All common methods 
except oxygen/ 
acetylene 
Mach. Index 12 
Sheet, Cast, Forge 
< 1100.F 
< 1400°F 
8.0~13-~ (rt-lCGO"F1 
1.001 
26x106 P 890'F 
0.296 lb/in3 P rt 
@ 890'F 
97 Btu-in/ft2-hr-'F 
127,000 psi S 890.F 
159,000 psi 890.F 
18% - 890'F 
Very  good 
Good mach. 
Sheet, Cast, Bar 
< 1700°F 
Good 
5.5~1C-~ (rt-1050'F) 
1.00005 
10.7~10~ 3 890.F 
0.175 lb/in3 a rt 
B 89O'F 
105 Btu-in/ft2-hr-'F 
100,000 psi B 89O'F 
160,000 psi B 890'F 
20% - 89O'F 
Excellent 
Good 
Sheet, Bar, Forge 
< 11OO'F 
<8OO'F 
Carpenter-32 
Fe .41.5?;1 
.-lar-3-3C2 
Co.21.5Cr.12W.9Ta 
Curie 713.F 
21x106 o rt 
0.293  lb/in3 @ rt 
0 rt 
74 Btu-in/ft2-hr-'F 
40,000 psi @ rt 
82,000 psi 6' et 
30% - rt 
Good 
Good 
Strip, Bar 
C 11OO'F 
Good 
7.6~10-~ (rt-1000'F) 
Non-Magnetic 
36x106 @ rt 
0.333 lb/in3 @ rt 
B rt 
155 Btu-in/ft2-hr-'F 
72,000 psi 0 890'F 
110,000 psi Q rt 
2% - rt 
Good 
Difficult 
Cast 
1600.F 
Good 
s u f f i c i e n t l y  low as to  a l low even tua l  u se  of a w e a k e r  s t r u c t u r a l  
ma te r i a l  such  as the  Has te l loy  B i n  t h e  f i n a l  d e s i g n .  A s  a r e s u l t  of 
t h e  stress a n a l y s i s  a n d  t h e  r e v i e w  o f  t h e  m a t e r i a l  p r o p e r t i e s  of Table 
2.2-2 i t  is  recommended t h a t  H a s t e l l o y  B be used as t h e  e n d  b e l l  m a t e r i a l  
f o r  t h e  f i n a l  d e s i g n .  S t r e s s  a n a l y s e s  were n o t  r e p e a t e d  f o r  t h e  H a s t e l l o y  
B end be l l  material. 
Double cones were used  in  o rde r  t o  p rov ide  bea r ing  hous ing  
l o n g i t u d i n a l  a n d  a n g u l a r  r i g i d i t y  w h i l e  m a i n t a i n i n g  t h e  b e a r i n g  h o u s i n g  
l o c a t i o n  a n d  t h e  e l e c t r i c a l  e n v e l o p e  of t h e  s t a t o r  ( s e e  F i g u r e  2.3-1). 
E l l i p t i c a l  wire p e n e t r a t i o n s  were provided  near  the  outer  edge  of t h e  
re inforced   cones   on   the   an t i -dr ive   end .  The bore seal i s  welded t o  t h e  
inner  cone  of t h i s  p e r f o r a t e d  end bell  f rorn t h e  i n p u t  end of t h e  
a l t e rna to r .   Because  of the  arrangement   of   the   leads  through  the 
p e r f o r a t i o n s ,  t h i s  ant i -dr ive-end end be l l  becomes a permanent  par t  of 
t h e  s t a t o r  assembly  and  would n o t  o r d i n a r i l y  be removed  on a normal 
teardown dis-assembly. 
The end bel l  on the  dr ive  end  f rame i s  o r d i n a r i l y  removed  on d i s -  
assembly and provision i s  a l lowed  fo r  such  by  seal welding the bore 
seal to  an  ax ia l  ( tubular )  hous ing  ex tending  f rom the  Hiperco-27  f rame.  
S e p a r a t e  b o l t  circles a r e  p r o v i d e d  i n  t h e  a r e a  of the  jo in t  be tween  the  
a x i a l  h o u s i n g  a n d  d r i v e  e n d  b e l l  t o  a l l o w  f o r  (1) the  at tachment  of t h e  
end b e l l  and  the  seal w e l d i n g  o f  t h e  j o i n t  t o  s e a l  t h e  r o t o r  c a v i t y ,  
and (2)  t h e  m o u n t i n g  l o c a t i o n  f o r  t h e  c o l d  f r a m e  t r u s s  t o  t h e  t u r b i n e .  
Separate schemes were devised where these two b o l t  circles could be 
combined as one  wi th  the  r equ i r emen t  t ha t  t he  he rme t i c  s ea l ing  of t he  
r o t o r  c a v i t y  be combined with  the  cold  frame  mounts.   This  saves  weight 
b u t  c o m p l i c a t e s  t h e  d e s i g n  i n  t h a t  t h e  c o l d  f r a m e  t r u s s  m u s t  become a 
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p e r m a n e n t  p a r t  o f  t h e  a l t e r n a t o r  e n d  b e l l .  An a l t e r n a t e  scheme w a s  
devised  whereby  the  bol t  circle f o r  h e r m e t i c a l l y  s e a l i n g  t h e  r o t o r  
c a v i t y  was lowered  to  a d i ame te r  nea r  t he  bea r ing  hous ing  OD. However, 
t h i s  d e s i g n  c o m p l i c a t e s  t h e  b o r e  seal end member conf igu ra t ion  and  the  
d e s i g n  f u n c t i o n s  i t  must f u l f i l l .  A l s o ,  b e c a u s e  o f  t h e  v e r y  r i g i d  
n a t u r e  shown  by the  double  cone  conf igura t ion ,  i t  may b e  p o s s i b l e  t o  
use only one cone and s t i l l  b u i l d  t h e  a l t e r n a t o r  t o  meet t h e  r e q u i r e -  
ment s. 
Summary of   Analysis .  The e n v i r o n m e n t a l   s p e c i f i c a t i o n   s u p p l i e d  b y  
NASA for l a u n c h  l o a d s  i n d i c a t e s  t h a t  t h e  a l t e r n a t o r  m u s t  w i t h s t a n d  
v e r y  s e v e r e  s i n u s o i d a l  v i b r a t i o n  w i t h  e x c i t a t i o n  f r o m  5 t o  2000 c p s  a t  
G l e v e l s  up t o  15 G ' s  peak. The shock   requi rement   spec i f ied  i s  a 20 G 
ha l f - s ine -pu l se   o f   10   mi l l i s econd   du ra t ion .  The a c c e l e r a t i o n   r e q u i r e -  
ment i s  less  s e v e r e   t h a n   e i t h e r  of t h e s e .   O r b i t a l   o p e r a t i n g   r e q u i r e m e n t s  
are a l s o  less severe  than  these  launch  requi rements .  
Since i t  i s  n o t  pract ical  t o  d e s i g n  t h e  u n i t  w i t h  n a t u r a l  f re- 
quencies  high enough to  avoid resonance,  i t  i s  recommended t h a t  a 
v i b r a t i o n  i s o l a t i n g  mount  be i n c o r p o r a t e d  i n t o  t h e  v e h i c l e  i n t e r f a c e  
wi th   the   tu rb ine-a l te rna tor   assembly .   These  two u n i t s   s h o u l d   b e  
r i g i d i t y  j o i n e d  t o  p r o v i d e  p r o p e r  s h a f t  a l i g n m e n t .  The mount w i l l  tend 
t o  a m p l i f y  l o a d i n g s  a t  i t s  n a t u r a l  f r e q u e n c y  a n d  a t t e n u a t e  l o a d i n g s  a t  
h igher   f requency .  The natural   f requency  of   the  mount   should be 
s e l e c t e d  t o  be  below a l l  component resonances so t h a t  t h e  f u l l  i n p u t  G 
l eve l  does  no t  exc i t e  such  r e sonances .  
I t  i s  f u r t h e r  s u g g e s t e d  t h a t  a mount  be considered to  suspend the 
s y s t e m  a t  a na tu ra l  f r equency  of about  20 c p s  w i t h  a t  least  1 0  p e r c e n t  
of c r i t i c a l  damping .   This   mount   would   ampl i fy   the   exc i ta t ion   to   about  
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15 G ' s  a t  20 cps where resonances can probably be avoided but  would 
a t t e n u a t e  t h e  l o a d i n g s  a b o v e  30 cps where resonances are l i k e l y  t o  b e  
encountered.  A t  100   cps  fo r  example, the   appl ied   loading   could   be  
a t t e n u a t e d  by abou t  a f a c t o r  of 1 0  and a t  200 c p s  by a f a c t o r  of 30. 
Th i s  mount system would also a t tenuate  the  shock  loading  be low the  
i n p u t  p u l s e  l e v e l .  
The a n a l y s i s  f o r  t h e  stresses i n  t h e  e n d  b e l l  s t r u c t u r e  w a s  
performed assuming a G l e v e l  of 20 G ' s ,  i n t e r n a l  p r e s s u r e  d i f f e r e n c e  
be tween the  ro tor  cavi ty  and  the  envi ronment  of  30  ps i ,  and  a uniform 
opera t ing   tempera ture   o f  850 F. The G load   could ,   o f   course ,  act  i n  
any   d i rec t ion .   Under   the   i so thermal   condi t ion ,   the   bear ing   cen ter  
spac ing   i nc reases   0 .103   i nch .  I t  w a s  assumed t h a t   t h i s   t h e r m a l l y  
expanded bearing spacing i s  the  r e fe rence  po in t  f rom which  the  
d e f l e c t i o n s  are l imi ted .  I t  should be m e n t i o n e d   t h a t   t h e   e f f e c t  of 
t he rma l  t r ans i en t s  and  g rad ien t s  have  no t  been  inc luded  a t  t h i s  time 
s i n c e  t h e s e  c o n s i d e r a t i o n s  are beyond the  scope  of the p r e s e n t  
c o n c e p t u a l   d e s i g n   e f f o r t .  Now tha t   t he   t he rma l   ana lys i s   has   been  
comple t ed ,  t he  g rad ien t s  i n  the  cones  can  be inc luded  (nex t  des ign  
p h a s e ) .   I f  the g r a d i e n t s   c a u s e   s e v e r e  stress i n c r e a s e s   o v e r   t h o s e  
shown, i t  may be necessa ry  to  l a t e r  use  s ing le  cones  r a the r  t han  doub le  
cones . 
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The stress a n a l y s i s  was done using a computer program similar t o  
t h a t  used  f o r  t h e  b o r e  seal stress a n a l y s i s  as  discussed  below.  The 
computa t ion  t echn ique  uses  f in i t e  e l emen t  t heo r i e s  r equ i r ing  l a rge  and  
f a s t  c o m p u t e r s .  
The r e s u l t s  o f  t h e  a n a l y s i s  are tabula ted  be low:  
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(1) I so the rma l  Hea t ing  to  850 F - There are stresses r e s u l t i n g  0 
due t o  d i f f e r e n t i a l  e x p a n s i o n  b e t w e e n  t h e  H i p e r c o - 2 7  a n d  t h e  
end   be l l .  The maximum e f f e c t i v e  stress in   t he   H ipe rco -27  i s  
19 ,700   p s i .   S ince   t he   y i e ld  stress i s  about  55,000 p s i  and 
the  stress f o r  one  pe rcen t  c r eep  in  10 ,000  hour s  i s  about  
45,000 p s i ,  t h i s  stress l e v e l  i s  accep tab le .  The maximum 
e f f e c t i v e  stress i n  t h e  e n d  b e l l  is 23,200  psi .   Because  of  
t he  low stresses i n  t h e  e n d  b e l l ,  i t  can be concluded the 
s t r u c t u r a l  m a t e r i a l  c a n  be  one  having  low  strength. The 
review of materials l i s t e d  i n  T a b l e  2 . 2 - 2  i n d i c a t e s  t h a t  t h e  
l o g i c a l  c h o i c e  would  be t h e  H a s t e l l o y  B m a t e r i a l .  The 
a n a l y s i s  was no t  r e run  us ing  the  Has te l loy  B m a t e r i a l  s i n c e ,  
for a l l  p r a c t i c a l  p u r p o s e s ,  t h e  a n a l y s i s  u s e d *  v e r i f i e d  t h e  
i n t e g r i t y  of t he   p re l imina ry   des ign .  A t  such time t h a t  f i n a l  
des ign   re f inements  are i n c l u d e d  i n t o  t h e  c o n f i g u r a t i o n ,  t h e  
a n a l y s i s  s h o u l d  be re-done using Hastelloy B m a t e r i a l .  
(2)   Rotor   Cavi ty   Pressure  - The assumed  30 p s i  r o t o r  c a v i t y  
pressure  produces  maximum e f f e c t i v e  stresses in  the  Hiperco-27  
of  840 p s i  and i n  t h e  end b e l l  o f  5500 p s i .  Both  va lues  a re  
n e g l i g i b l e .  The t r a n s l a t i o n  of t h e   b e a r i n g s   ( r e l a t i v e   t o  
e a c h  o t h e r )  i s  0.0013  inch. The 30 p s i  w a s  assumed t o  ac t  
i n  t h e  d i r e c t i o n  c a u s i n g  t h e  maximum d e f l e c t i o n  t o  t h e  end 
b e l l s ,  i . e . ,  i n t e r n a l   p r e s s u r i z a t i o n .  
* In   t he   d i scuss ion   g iven ,   Incone l  718 i s  t h e   e n d   b e l l   m a t e r i a l .  I t  w i l l  
be Has te l loy  B i n  t h e  e v e n t u a l  d e s i g n  b u t  stress c a l c u l a t i o n  d a t a  was 
n o t  p r e p a r e d  f o r  u se  o f  t h i s  m a t e r i a l  a t  t h i s  time. 
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20 G Axial Load - The loading produces a maximum stress of 1050 
p s i  i n  t h e  H i p e r c o - 2 7  and  8400 p s i  i n  t h e  end  bel l .   Again,  
the  stress l e v e l s  are low. The r e l a t ive   bea r ing   hous ing  
t r a n s l a t i o n  is 0.0038 inch. 
20 G L a t e r a l  Load - This loading  produces  920  ps i  in  the  
Hiperco-27  and 10,000 p s i  i n  t h e  e n d  bell.  The angu la r  
r o t a t i o n  of the   bear ing   hous ing  i s  about  0.011  degree.  These 
va lues  are accep tab le .  
The above   de f l ec t ions   can  be  superimposed d i r e c t l y .  The maximum 
r e l a t i v e  t r a n s l a t i o n  of t he  bea r ings  i s  0.0051 inch while  the maximum 
r o t a t i o n  i s  0.001  degree.   These  values   are  w e l l  w i th in   t he  desired 
limits s p e c i f i e d  a t  t h e  s t a r t  of the   s tudy .  One e f f e c t  t h a t  h a s  n o t  
been included i s  t h e  g y r o s c o p i c  e f f o r t  t h a t  would e x i s t  d u e  t o  t u r n i n g  
o f  t he  un i t .  The s p e c i f i c a t i o n  d o e s  n o t  i n c l u d e  p i t c h  or yaw v e l o c i t y  
requirements  which would  be  needed t o  d e t e r m i n e  t h e s e  e f f e c t s .  Also, 
as  ment ioned  previous ly ,  the  end b e l l  s t i f f n e s s  n e e d s  t o  be increased  
t o  improve upon the ro tor  dynamics .  
The above stresses do   no t   supe r impose   d i r ec t ly .   In   add i t ion ,  
d i s c o n t i n u i t i e s   c o m p l i c a t e   t h e   a n a l y s i s .  The maximum stress 
(approximate)   in   the  Hiperco-27 i s  an   accep tab le   20 ,000   p s i .  The 
stress (aga in  approx ima te )  i n  the  end  be l l  i s  less than  30,000 p s i .  
The l i m i t i n g  c o n d i t i o n  i n  t h e  e n d  b e l l  i s  the  10 ,000  ps i  compress ive  
stress i n  t h e  c o n i c a l  members du r ing  G loading .  The c r i t i ca l  stress 
i s  d i f f i c u l t  t o  d e t e r m i n e ,  b u t  h a s  b e e n  e s t i m a t e d  a t  about 20,000 t o  
30,000 p s i  wh ich  shou ld  p rov ide  su f f i c i en t  marg in  aga ins t  buck l ing .  
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Rotor  Stress  Analysis  
A n a l y t i c a l  e f f o r t s  were continued toward better determining the 
stresses in  the  ro tor .  Al though these  ana lyses  on the  Phase I1 design 
were b a s i c a l l y  a cont inuat ion of those  in  Phase  I, the computation 
methods were changed as t h e  r e s u l t  of t h e  a c q u i s i t i o n  of two newer, 
more powerful computer programs during the Phase I t o  Phase I1 in t e r im .  
The programs consist  of a rou t ine  to  gene ra t e  e l emen t  and nodal 
p o i n t  data f o r  i n p u t  t o  a comprehensive stress program and the stress 
program i t s e l f .  The stress program is  a f ini te  e lement  computer  
program for  p lane  e las t ic -p las t ic  problems based  on  the  theory  of 
p l a s t i c i t y  and t h e  f in i te  e lement  d isp lacement  method. F i v e  d i f f e r e n t  
types of s t ress -s t ra in  curves  have  been inco rpora t ed  in to  the program. 
I t  can determine displacements and stresses i n  a r b i t r a r y  p l a n e  s h a p e s  
with a v a r i e t y  of  boundary cond i t ions  and loadings.  They include 
boundary t ract ions,  body forces ,  and temperature  var ia t ions.  
Rotor Stress. The r o t o r  stress was determined  for  a symmetrical 
s e c t i o n  normal t o  the  center l ine through a sec t ion  cons i s t ing  of one- 
ha l f  po le  p i t ch  ( ju s t  as  i n  Phase I ). The radial  tempera ture  prof i le  
according t o  Figure 2.2-2 was included to  take into account  the thermal 
stresses. A s  p a r t  of the computer  program  output,  several stress maps 
are machine p l o t t e d .  A po r t ion  of these are presented in  Figures  2 .2-7 
through  2.2-10 t o  i l l u s t r a t e  t h e  c o n d i t i o n s  o f  r o t o r  stress. The f i r s t  
two f igu res  p re sen t  the equ iva len t  Won Mises) stress f o r  normal speed 
and 20  percent  overspeed. The la t te r  two present  the  maximum p r i n c i p a l  
stresses and t h e i r  d i r e c t i o n  ( f l o w  l i n e s ) .  The jaggedness of the 
p l o t t e d  l i n e s  i s  due t o  machine p l o t t e r  r o u t i n e s  ( i n t e r p o l a t i o n s )  
r a the r  t han  ac tua l  ope ra t ing  stresses. Note t h a t  the  majori ty  of  the 
ro to r  co re  i s  below 55 kpsi  a t  design speed. 
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Figure 2.2-8. Equivalent Stress, 20% Overspeed. 
Figure 2.2-9. Maximum Principal  Stress, Design Speed. 
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Figure  2.2-10. Maximum Pr inc ipa l   S t ress   I soc l i n i cs ,   Des ign  Speed. 
A t  20  percent  overspeed ,  the  stress a t  t h e  c e n t e r  b o r e  is beyond 
t h e  p r o p o r t i o n a l  limit of t h e  H - 1 1  steel i n d i c a t i n g  t h e  material around 
the   bo re  w i l l  undergo a permanent  deformation. However, t h e   i n t e g r a t e d  
creep rate  o v e r  t h e  rotor r a d i u s  a t  design speed and overspeed i s  below 
0.1 pe rcen t  wh ich  e s sen t i a l ly  e l imina te s  c reep  g rowth  as  a c r i t i ca l  
d e s i g n  cr i ter ia .  However, to  be c o n s e r v a t i v e ,   t h e   r a d i a l   g a p  i s  s i z e d  
t o  a b s o r b  a t  least  0 .1  pe rcen t  c r eep  s t r a in  wi thou t  rubb ing .  On ly  a t  
very small r ad i i  a round  the  bo re  are t h e  c r e e p  rates i n  excess of 0.1 
percent .   These are shown on  Figure  2.2-11. 
The combined  dynamic  and  thermal  growth  of  the  pole  tips  and  one- 
h a l f  i n c h  r o t o r  b o r e  are  0.1006 and 0.0046 inch for 19,200 rpm o p e r a t i o n  
a t  f u l l  l o a d .  The combined  growths a t  20  percent   overspeed are 0.1084 
and 0.0054 inch. 
Because  of  the  low stresses and  cor respondingly  low creep  s t ra ins ,  
i t  should  not  be n e c e s s a r y  t o  p r e - s p i n  t h e  r o t o r  t o  e i t h e r  p r e - s t r a i n  
i t  or t o  c h e c k  f o r  i n t e r n a l  f l a w s  or i n t e g r i t y .  Recall t h a t ,  i n  P h a s e  
I ,  a n a l y t i c a l  s t u d i e s  i n d i c a t e d  c r i t i c a l  s i z e  f l a w s  c o u l d  be d e t e c t e d  
by non-destruct ive methods.  
Although the design i s  based on a one -ha l f  i nch  d i ame te r  ro to r  
b o r e ,   t h e   f i n a l   d e s i g n   c o u l d  be made wi th   any   s i ze   bo re   des i r ed .  The 
one-half  inch hole  was s i z e d  as an approximation of  the minimum t h a t  
might  be  needed f o r  b o r e  h e a t  t r a n s f e r  s u r f a c e  area (0.419 inches 
d i a m e t e r ) .   I n c r e a s i n g   t h e   d i a m e t e r   t o  s a y  one  inch would o n l y  s l i g h t l y  
i n c r e a s e  t h e  r o t o r  OD (a f e w  m i l s )  b u t  would double  the bore surface 
area and provide more room f o r  t h e  c o o l a n t - f l o w  d u c t i n g  t o  be placed 
i n  t h e  c e n t e r .  
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Bore Seal Assembly 
Chapter 2 . 4  of P a r t  I of t h i s  r epor t  p re sen t s  t he  background  on  
the   bore  seal assembly  and  the summary of  the  Phase I s t u d i e s .  A s  
i n d i c a t e d  i n  t h a t  s e c t i o n ,  a bas ic  concept  w a s  der ived  near  the  end  of 
Phase I whereby the two c o n t r a d i c t o r y  d e s i g n  r e q u i r e m e n t s  -- r i g i d i t y  
and f l e x i b i l i t y  -- could   bo th   be   sa t i s f ied .  However, a review  of  that  
s e c t i o n  w i l l  also r e v e a l  a p romise  fo r  des ign  r e f inemen t s  and  de ta i l  
stress ana lyses  in  Phase  11. These were promised i n  r e c o g n i t i o n  of the 
complex i t i t e s  i n t roduced  by the  curv ic- type  coupl ings  p lus  the  then  
l a c k  of r e c o g n i t i o n  of t he  b imeta l l ic  jo in t  t echnology requi rements  and  
l i m i t a t i o n s  . 
The p l a n  f o r  P h a s e  I1 c o n s i s t e d  of f i r s t  f a m i l i a r i z i n g  t h e  b o r e  
seal assembly designer  w i t h  Cb-1Zr t o  steel  b i m e t a l l i c  j o i n t  t e c h n o l o g y  
and secondly ,   feed ing  t h i s  i n t o  a n  improved  design. A s  a r e s u l t  of 
d e f i n i n g  t h e  b i m e t a l l i c  j o i n t  t e c h n o l o g y ,  a much s impler  end member 
assembly was configured which s h o u l d  g i v e  g r e a t e r  r e l i a b i l i t y  o v e r  t h a t  
proposed i n  Phase I .  Once the  b a s i c   d e s i g n  w a s  de r ived ,  stress ana lyses  
were run  to  de te rmine  the  bas ic  stresses and stress problem areas 
remaining as  w e l l  as  t o  i d e n t i f y  t h e  s o l u t i o n s .  
"he above point  of on ly  ana lyz ing  t h e  "bas i c  stresses" war ran t s  
exp lana t ion   be fo re   p roceed ing   fu r the r .  A s  p a r t  of the s t u d i e s  f o r  
des ign ing  the  KTA a l t e r n a t o r  b o r e  seal ,  a r a t h e r  c l e a r - c u t  d e f i n i t i o n  
of t h e  task   to   deve lop   the   bore  seal began t o  emerge. Also, i t  
became very  apparent  tha t  the  "bore  seal" must  include a l l  the 
assembly components from the radial  "air" g a p  t o  t h e  s t a t o r  e n d  b e l l  
and t h a t  t h e  design must be compatible with a l l  t h e  s e p a r a t e  
component requi rements .   This   pu ts  a spec ia l   requi rement   on   the  
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assembly i n   t h a t  i t s  development  must  be closely coordinated from a 
c e n t r a l  p o i n t ,  p r e f e r a b l y  a t  t h e  a l t e r n a t o r  d e s i g n e r .  The d e s i r a b i l i t y  
f o r  p l a c i n g  t h i s  r e s p o n s i b i l i t y  w i t h  t h e  a l t e r n a t o r  d e s i g n e r  is  b e s t  
i l l u s t r a t e d  by one of t h e  p o i n t s  i n  t h i s  e m e r g i n g  d e f i n i t i o n ,  n a m e l y ,  
t h e r e  i s  a d e f i n i t e  need f o r  v e r y  t h o r o u g h  a n a l y t i c a l  t r e a t m e n t  ( w e l l  
beyond the  scope of Phase 11) of a l l  p o s s i b l e  c o n d i t i o n s  t h e  b o r e  seal 
assembly may see from the time i t  i s  i n  f a b r i c a t i o n  t o  t h e  e n d  of i t s  
l i f e  i n  t h e  a l t e r n a t o r .  T h i s  i s  because   the   def ined   opera t ing  
c o n d i t i o n s  a r e  t h e  e a s i e s t  t o  d e s i g n  t o  and the  undef inable ,  o f f -des ign  
c o n d i t i o n s  a r e  t h e  m o s t  d i f f i c u l t  t o  d e s i g n  t o  b u t  a r e  t h e  m o s t  l i k e l y  
t o  c a u s e  f a i l u r e s .  
I f  o f f - d e s i g n  c o n d i t i o n s  c a u s i n g  f a i l u r e s  c a n  be def ined and 
a u t o m a t i c  c o n t r o l s  t o  p r e v e n t  t h e i r  c a t a s t r o p h i c  e f f e c t s  c a n  be 
i n c l u d e d  i n  t h e  s y s t e m ,  t hen  the  p robab i l i t y  o f  su rv iva l  shou ld  be 
enhanced.  Since i t  i s  p o s s i b l e  t o  i d e n t i f y  o f f - d e s i g n  o r  abnormal 
condi t ions numbering in  the hundreds,  the scope of such  an  ana ly t i ca l  
s tudy  i s  n e c e s s a r i l y  e x t e n s i v e .  Compound t h i s  w i t h  a  complex i r r e g u l a r  
c r o s s  s e c t i o n  r e q u i r i n g  t h e  l a tes t ,  most powerful computer programs 
and  you( have a very  comprehensive  task.  The "bas ic  stresses" of the  
Phase I1 a r e  j u s t  one set  of s t r e s s e s  f o r  a "more t h a n  l i k e l y "  o f f -  
des ign  cond i t ion  -- design temperature  with 20 p s i  ( e x t e r n a l )  p r e s s u r e  
d i f f e r e n c e   a c r o s s   t h e   s e a l .   I n   a d d i t i o n ,   t h e   l i g h t - w e i g h t   e n d   b e l l  
s t r u c t u r e  d e s i g n e d  i n  P h a s e  I1 h a s  t h e  e f f e c t  o f  f u r t h e r  compounding 
the  task b y  r e a d i l y  t r a n s m i t t i n g  t h e  r o t o r  v i b r a t o r y  e f f e c t s  i n t o  t h e  
s t a to r  hous ing  nea r  t he  bo re  sea l  ends .  Whi l e  one  might  balk a t  t h e  
i n i t i a l  c o s t  o f  such  an  ex tens ive  ana ly t ica l  t ask ,  one  must  no te  i t  i s  
easy t o  p r o v e  t h a t  i t  w i l l  pay f o r  i t s e l f  many times over  i f  such  an  
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a n a l y s i s  leads t o  p r e v e n t i n g  j u s t  o n e  o f f - d e s i g n  b o r e  seal f a i l u r e   i n  
t h e  f irst  test a l t e r n a t o r .  
The ove ra l l  deve lopmen t  p l an  tha t  emerged  f rom the  s tud ie s  i s  
depic ted  on  Figure  2 .2-12  a long  wi th  the  present  s ta tus .  The n e x t  s t e p  
i n  t h e  d e v e l o p m e n t  p l a n ,  p r i o r  t o  i n i t i a t i n g  t h e  a n a l y s i s  d i s c u s s e d  
above, i s  to reach agreement  among the  va r ious  t echno log ie s  conce rned  
-- alumina  body, ceramic t o  metal j o i n t ,  b i m e t a l l i c  j o i n t ,  h i g h  
tempera ture  pre load  spr ing ,  assembly  welds -- t o  v e r i f y  t h a t  t h e  P h a s e  
I1 c o n f i g u r a t i o n  i s  indeed compatible with each individual component 
requi rement .   Af te r  the a n a l y s i s  and  process   development ,   th is   mutual  
agreement  stage  must be repeated  because beyond t h a t  p o i n t ,  the test 
samples,  test  programs,  and  any  set-backs or f a i l u r e s  c a n  become 
r e l a t i v e l y  c o s t l y .  The remainder  of  the  steps  on  Figure  2.2-12 are 
self explanatory with an emphasis  noted on the thorough test  of  the 
f i r s t   f u l l  s ize bore seals. 
A s  ind ica ted  above ,  one  of t h e  p r i n c i p a l  s t e p s  i n  t h e  Phase 11 
bore seal d e s i g n  s t u d y  i n v o l v e d  f a m i l i a r i z a t i o n  w i t h  b imetal l ic  j o i n t  
t echno log ie s .  The t echno logy   r equ i r ed   fo r  bimetal l ic  j o i n t s  on the  
bore seal assembly w a s  rev iewed ex tens ive ly  w i t h  Westinghouse 
A s t r o n u c l e a r  L a b o r a t o r i e s  p e r s o n n e l  e x p e r i e n c e d  i n  t h e  f a b r i c a t i o n  of 
b ime ta l l i c   bonds   fo r   adve r se   env i ronmen t s .  I t  was concluded tha t  large 
diameter j o i n t s  c o u l d  be made i f  p r o p e r  c o n f i g u r a t i o n s  a n d  f a b r i c a t i o n  
t echn iques  were used .   Both   explos ive   and   gas   p ressure   bonding  
techniques  could  be u s e d  t o  make a m e t a l l u r g i c a l  bond between a 
columbium a l l o y  (Cb-1Zr)  and a steel which has low n i c k e l  c o n t e n t .  A 
j o i n t  c o n s i s t i n g  o f  c o n c e n t r i c  r i n g s  a p p e a r s  t o  b e  t h e  b e s t  c o n f i g u r a t i o n  
f rom  the   s t andpo in t   o f  minimum space  requirements .  However, a n   e x p l o s i v e  
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Figure 2.2-12. Bore Seal Design and Fabrication. 
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bond  of t w o  c o n c e n t r i c  r i n g s  i s  d i f f i c u l t  t o  f a b r i c a t e  b e c a u s e  t h e  bond 
must be made on t w o  shee ts  which  are la ter  formed i n t o  c o n c e n t r i c  r i n g s .  
G a s  p re s su re  bond ing  appea r s  t o  be a b e t t e r  a p p r o a c h  s i n c e  a bond between 
c o n c e n t r i c  r i n g s  c a n  b e  made e a s i l y .  I n  t h i s  p r o c e s s ,  t h e  j o i n t  i s  
formed a t  ope ra t ing  t empera tu re  (or s l i g h t l y  h i g h e r )  so t h a t  t h e  j o i n t  
i s  s t r e s s e d  a t  room temperature  and has  a low locked-in stress i n t e n s i t y  
a t   ope ra t ing   t empera tu re .   Au toc laves   capab le   o f   fo rming   such  a j o i n t  on 
r i n g s  18 i n c h e s  i n  d i a m e t e r  a r e  p r e s e n t l y  a v a i l a b l e  t h r o u g h  Battelle 
Memorial I n s t i t u t e .  T h i s  d i a m e t e r  i s  s u f f i c i e n t  f o r  t h e  KTA des ign .  
Once the j o i n t  i s  formed,  however, i t  must  surv ive  the  severa l  
hundred thermal cycles i t  w i l l  have to  undergo over  i t s  l i f e t i m e .  
P rope r  des ign  and  ma te r i a l s  cho ice  can  e l imina te  t h i s  p roblem ra ther  
ea s i ly .  T e s t s  o n  a q u a n t i t y  of samples a t  Westinghouse  Astronuclear 
Labora to r i e s  show t h a t  t h e  j o i n t  w i l l  n o t  become b r i t t l e  i f  the  i n t e r -  
d i f f u s i o n  z o n e  of t h e  b i m e t a l  j o i n t  i s  less than  one-half m i l  (0.0005 
i n c h )   t h i c k .  These same samples show t h i s  zone w i l l  n o t  grow tha t  
t h i c k  over  the  l i f e  of the  a l t e r n a t o r  a t  t h e  less than 1000 F a l t e r n a t o r  
temperatures .   These  conclusions  are   based on Inconel  600 t o  Cb-1Zr 
samples a t  1250 F f o r  2 0 , 0 0 0  h o u r s .  
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A low n icke l  con ten t  ( e .g . ,  twen ty  pe rcen t )  steel must be used  to  
minimize  the rate o f   i n t e r - d i f f u s i o n .   I f  a steel  w i t h  low n i c k e l  
content  and a c o e f f i c i e n t  of thermal  expans ion  near  the  Cb-1Zr could be 
found ,  t hen  the  s t r a ins  the  jo in t  mus t  unde rgo  each  the rma l  cycle a r e  
minimized .   E ighteen   percent   n icke l  has an   expans ion   coe f f i c i en t   such  
t h a t  s t r a i n s  w i l l  be less than   0 .2   percent .  The d e s i r a b i l i t y  o f  h a v i n g  
e l a s t i c  s t r a i n s  o n l y  o n  e a c h  t h e r m a l  cycle i s  obvious  to  enhancing  
r e l i a b i l i t y .  
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This  l a t t e r  p o i n t  i s  one of the key elements i n  d e s i g n i n g  t h e  e n d  
member assembly  to  surv ive  a r e l a t i v e l y  l a r g e  number of t he rma l  cyc le s  
o v e r  i t s  l i f e t i m e .  I n  g o i n g  f r o m  t h e  Cb-1Zr end  members t o  t h e  H a s t e l l o y  
B end  be l l s ,  t he  end  member assembly must absorb a t o t a l  of 0.25 percent 
r e l a t i v e  s t r a i n .  If t h i s  c a n  be  broken  up  into smaller s t r a i n s  and 
d i s t r i b u t e d  t h r o u g h o u t  t h e  m a t e r i a l s  i n  t h e  e n d  member assembly, e las t ic  
s t r a i n s  are a l l  t h a t  w i l l  be p r e v a l e n t .  A s  i nd ica t ed   i n   Tab le   2 .2 -3 ,  
materials c a n   b e   s e l e c t e d   t o   a c c o m p l i s h   t h i s .  The r e a d e r  i s  r e f e r r e d  t o  
t h e  f o o t n o t e s  o f  T a b l e  2 . 2 - 3  f o r  t h e  r e a s o n s  f o r  n o t  recommending t h e  
"des i r ed  conf igu ra t ion"  shown. 
With t h e  s e l e c t i o n  of t h e  b a s i c  d e s i g n  m a t e r i a l s  and concepts ,  the 
proposed  design  of   Figure  2 .2-13 was developed.  The d e s i g n  c o n t a i n s  t h e  
same f e a t u r e s  of the Phase I des ign  excep t  t he  concen t r i c  p i lo t ing  o f  
t h e  c y l i n d e r  i s  main ta ined  by s n u g - f i t t i n g  c o n c e n t r i c  d i a m e t r a l  f i t s  a n d  
s q u a r e   s h o u l d e r s   r a t h e r   t h a n   t h e   c u r v i c   t y p e   c o u p l i n g s .  The v a r i o u s  
f u n c t i o n s  a n d  o p e r a t i n g  c h a r a c t e r i s t i c s  of t h e  assembly a r e  summarized 
b r i e f l y  below. 
(1 )  Alumina Body - 99.8 p e r c e n t  p u r e  m a t e r i a l ,  a p p r o x i m a t e l y  1 5  
inches  d i ame te r ;  0.090 inches  minimum t h i c k ,  maximum th i ckness  
decided by tha t  a l lowed  when a l l  assembly  to le rances ,  g rowths ,  
etc.  a r e  f i g u r e d  i n t o  d e t a i l  d e s i g n  d r a w i n g s ;  s a n d w i c h  
c o n s t r u c t i o n  f o r  ceramic t o  m e t a l  j o i n t ;  n e c k e d  down 
c o n f i g u r a t i o n  d e t a i l s  t o  be de f ined  by ceramic body deve lope r  
p r i o r  t o  f i n a l i z i n g  d e s i g n ,  n e c k e d  down s e c t i o n  i s  t o  p r o v i d e  
f o r  a l l o w i n g  m i r r o r  image ( ra ther  than  inver ted  image)  of  end  
member c o n f i g u r a t i o n  on each end and fo r  one-half  inch 
c l ea rance  a round  a rma tu re  co i l s .  
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TABLE 2.2-3 
RELATIVE STRAINS 
R e l a t i v e  S t r a i n  a t  875 F 0 
648753 Con D e  si red Recommended 
Material i n / i n /  F Conf igura t ion*   Conf igura t ion  
4 . 6 ~ 1 0 - ~  
Cb- 1 Z r  3 . 5 4 ~ 1 0 ~ ~  
B-33 4 . 0 6 ~ 1 0 - ~  
18% N i  Maraging** 5 . 6 ~ 1 0 - ~  
(steel p a r t  o f  
b i m e t a l l i c )  
H a s t e l l o y  B 6 . 6 ~ 1 6 ~  
(end b e l l  ) 
J 0.124% 
0.088% 
J 
\ 
/ 
0.180% 
0.088% 
/ 
* The B-33 ' a l l o y  i s  more compatible  from the  s t a n d p o i n t  of r e l a t i v e  s t r a i n s  
bu t  i n t roduces  new unknowns i n  t h e  ceramic t o  metal j o i n t  and the bimetal  
j o i n t .   B e s i d e s   t h a t ,   t h e r e  may be a b i g g e r   q u e s t i o n  of i t s  a v a i l a b i l i t y  
and   po tass ium  res i s tance .  The l a t t e r  could  possibly  be  improved  with t h e  
a d d i t i o n  o f  0.5 t o  1 . 0  percent  z i rconium or hafnium. 
** The choice of 18% N i  Maraging steel  w a s  made based upon low nickel  content ,  
des i r ab le   coe f f i c i en t   o f   t he rma l   expans ion   and   h igh   s t r eng th .  The material 
choice must be approved y e t  by t h e  b i m e t a l  j o i n t  d e v e l o p e r  s i n c e  t h e  18% N i  
Maraging steel  undergoes a phase  t ransformat ion  a t  abou t  t he  ope ra t ing  
t empera tu re ,   t he reby   i n t roduc ing  a new unknown i n t o  t h e  j o i n t  d e s i g n .  T h e r e  
i s  s t r e n g t h  d a t a  t o  i n d i c a t e  t h e  t r a n s f o r m e d  steel s t i l l  h a s  s u f f i c i e n t  
s t r e n g t h  . 
S t e e l  
S p e c i  
e . g . /  
Cb- 1 Z r  S u p p o r t  R i n q  
End B e l l  of Subas emblv Se 
f i e d  E x p a n s i o n  Cb- lZr   End  
H i g h  T e m p e r a t u r e  
P r e l o a d  S p r i n g  t 3  
P o s i t i g n  o n  
mic t o  Metal 
Bimeta l l ic  
j o i n t  
Low N i c k e l  S t e e l ,  
S p e c i f i e d  S t r e n g t h  
S p e c i f i e d  E x p a n s i o n  
e . g . ,  18% N i  M a r a g i n g  
A x i a l  E x p a n s  i o n  D i a p h r a m  
of Low N i c k e l  S t e e l  Also 
Figure 2.2-13. Phase I 1  Bore Seal Assembly. 
(2) Ceramic  to  Metal J o i n t  - Same as Phase I (and p r i o r )  e x c e p t  
now have  mi r ro r  image of each  end;  0 .017  inch  th ick  Cb-1Zr; 
Cb-1Zr material s e l e c t e d  as  r e s u l t  o f  s u c c e s s f u l  p r e v i o u s  
deve lopmen t s ;  has  sho r t  r ad ia l  he igh t  o f  metal end member 
a f t e r  l e a v i n g  j o i n t  t o  m i n i m i z e  stresses and l i b e r a l  b r a z e  
a l l o y  f i l l e t  t o  minimize stress c o n c e n t r a t i o n ;  u s e s  a c t i v e  
metal b r a z e ;  i s  a major development item. 
(3) Cb-1Zr Support  Ring - Provides   a l ignment   func t ion ,   no t  as 
p r e c i s e  a s  curv ic  coupl ings  but  should  be  adequate  (e .g . ,  as  
much a s  0.010 TIR) even  though i t  is  a weld j o i n t ,  back up 
p i l o t  f i t  n o t  f u s e d  w i t h  weld i s  inc luded ;  weld has  undercut  
t o  limit d e p t h  o f  p e n e t r a t i o n ;  r i n g  s h o u l d e r s  s q u a r e l y  a g a i n s t  
alumina body  and suppor ts  0 .017  inch  metal end member; seal 
we lds  to  Cb-1Zr subassembly anneal process development 
r e q u i r e d ;  h a s  r e l a t i v e l y  l a r g e  u n d e r c u t  t o  i s o l a t e  stresses 
between Cb-1Zr end member s i d e  a n d  b i m e t a l l i c  j o i n t  s i d e ;  o n e  
of two b a s i c  p a r t s  f o r  f a b r i c a t i o n  o f  t h e  b i m e t a l l i c  j o i n t .  
( 4 )  Bimetallic J o i n t  - G a s  d i f f u s i o n  b o n d e d ;  s t a r t s  as  two p l a i n  
c o n c e n t r i c  r i n g s  less than 18 inches  in  d iameter  and  machined  
t o  c o n f i g u r a t i o n  shown a f t e r  b o n d i n g ;  s teel  material i s  on I D  
of Cb-1Zr r i n g  t o  k e e p  j o i n t  i n  c o m p r e s s i o n  a t  temperature;  
j o i n t  i s  minimum of  one-half  inch  long; steel must  be  low 
n i c k e l  w i t h  s p e c i f i c  t h e r m a l  e x p a n s i o n  v a l u e s  t o  k e e p  j o i n t  
s t r a i n s  i n  e l a s t i c  r e g i o n  a n d  t o  p r e v e n t  i n t e r - d i f f u s i o n  z o n e  
from exceeding 0.0005 inches  and  becoming br i t t l e ;  should  
s u r v i v e  h u n d r e d s  o f  t h e n a l  c y c l e s ;  i s  a major development 
i t e m .  
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(5) Low Nicke l  S t ee l  - Should  be  of  order  of 20 p e r c e n t  n i c k e l ;  
mus t  have  r easonab ly  h igh  s t r eng th ,  e.g., 100,000 p s i  y i e l d ;  
c o e f f i c i e n t  of expansion must  provide "s tep" t o  a b s o r b  
r e l a t i v e  t h e r m a l  s t r a i n  b e t w e e n  Cb-1Zr suppor t  r ing  and  steel 
end bell; m u s t  b e  r e a d i l y  w e l d a b l e  a l l o y ;  w e l d  t o  e n d  b e l l ,  
h a s  u n d e r c u t  to  limit d e p t h  o f  p e n e t r a t i o n ;  p i e c e  o n  r i g h t  
end  mus t  a l so  abso rb  ax ia l  expans ion  of a t  least  0.0131 i n c h e s  
( o p e r a t i n g  e x p a n s i o n ) ;  f i n a l  s e l e c t i o n  s u b j e c t  t o  m e t a l l u r g i s t s  
approval  because of i t s  i n f l u e n c e  o n  t h e  b i m e t a l l i c  j o i n t .  
(6)  High Temperature Preload Spring - - Must maintain  compressive 
f o r c e  f o r  l i f e  o f  m a c h i n e  t o  i s o l a t e  radial  and a x i a l  r e l a t i v e  
thermal expansions and t o  shou lde r  t he  a lumina  cy l inde r  squa re ly  
between  end b e l l s   ( a i d s   c o n c e n t r i c i t y ) .   G i v e s   b o n u s  of a l s o  
keeping ceramic t o  metal j o i n t  i n  c o m p r e s s i o n .  
The assembly welds are made with the bore seal compressing the high 
tempera ture   inver ted  "U" pre load   sp r ing   (F igu re  2.2-13). Compression i s  
t o  a s p e c i f i c  amoun t  r equ i r ed  to  ma in ta in  ax ia l  compress ion  when r e l a t i v e  
ax ia l   thermal   expans ion   takes   p lace .  The compression  load a t  0.0131 
i n c h e s  r e l a t i v e  e x p a n s i o n  ( o p e r a t i n g  c o n d i t i o n )  m u s t  be g r e a t e r  t h a n  
308 pounds.  With  the  assembly in   compression  f rom  one Cb-1Zr suppor t ing  
s h o u l d e r  a n d  b i m e t a l l i c  t o  t h e  o p p o s i t e  s u p p o r t i n g  s h o u l d e r  a n d  
b ime ta l l i c ,  t he  bo re  seal body  and Cb-1Zr end member do  no t  "see" any 
o f  t h e  r e l a t i v e  a x i a l  movement between the bore seal and s t a t o r  f r a m e .  
Thus,  these members need only be d e s i g n e d  t o  a b s o r b  r a d i a l  d i f f e r e n t i a l  
e x p a n s i o n   a n d   p r e s s u r e   d i f f e r e n t i a l   f o r c e s .  The o n l y  a x i a l  r e l a t i v e  
expansion each end member sees i s  tha t  wh ich  occur s  wi th in  i t s  own 
assembly boundaries.  
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The m a j o r i t y  o f  t h e  d i f f e r e n t i a l  r a d i a l  e x p a n s i o n  i s  a b s o r b e d  i n  
the low nickel  steel p i eces ;  t he  rest i s  a b s o r b e d  i n  t h e  v a r i o u s  
materials a n d   i n t e r f a c e s .  A s  p r e v i o u s l y   d i s c u s s e d ,   d e s i g n   m a t e r i a l s  
are s e l e c t e d  so t h a t  t h e  e x t e n t  of t h e  s t r a i n  i n  e a c h  of t h e s e  l o c a t i o n s  
i s  k e p t  a s  low a s  p o s s i b l e  i n  a s tep-wise  fash ion .  
Random radial  motion between the s ta tor  punching bore and bore seal 
OD i s  minimized by t h e  Cb-1Zr suppor t  shou lde r s  on  each  end  (p i lo t ing  
o f f  t he  end of the alumina body) and b y  snug f i t s  between the members 
a t  t h e  seal weld a s sembly   j o in t s .  The l o o s e s t  l i n k  i n  t h i s  f i t - u p  
occurs  when t h e  la t ter  f i t  loosens  upon hea t ing   t o   t empera tu re .  Locked- 
i n  weld stresses may cause some r a d i a l  movement but  should not  cause 
"cockingt '  due  to   the   bore   sea l   ( square)   shoulder ing   concept   above .  The 
design should absorb a t  l e a s t  0.010 TIR r a d i a l  movement ( i f  n o t  twice 
a s  much) wi thou t   j eopa rd iz ing  the  rad ia l   running   c learances .   Conica l  
shaped  suppor t  shoulders  ( l ike  on  journa l  bear ing  s leeves ,  F igure  2 .3-1)  
might be poss ib le  to  minimize  the  amount  of r a d i a l  m o t i o n  t o  l e s s  t h a n  
the 0.010 TIR. 
The des ign  should  not  be t e m p e r a t u r e  s e n s i t i v e  e x c e p t  when extreme 
g r a d i e n t s  o c c u r  t o  s h i f t  d i f f e r e n t i a l  e x p a n s i o n  i n  o p p o s i t e  d i r e c t i o n s  
r e l a t i v e  t o  t h o s e  w h i c h  o c c u r  a t  o p e r a t i n g  or uniform temperatures.  
This  could  upse t  the  shoulder ing  concept  or o v e r - s t r e s s  j o i n t s  due t o  
t h e  f a c t  t h a t  r e l a t i v e  movements are no t  a lways  f r ee  to  occur  un l imi t ed  
i n  t h e  o p p o s i t e  d i r e c t i o n ;  e . g . ,  i f  t h e  low n i c k e l  p i e c e  were 
c o n s i d e r a b l y  h o t t e r  t h a n  t h e  end be l l  on the  d r ive  end  ( an  un l ike ly  
s i t u a t i o n ) .  
The stress a n a l y s i s  of the  bore  seal end members w a s  made wi th  the  
use of two computer  programs. The s t a t i o n a r y   e n d  member of the  bore 
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seal used a r ecen t ly  deve loped  d ig i t a l  compute r  p rogram ca l l ed  "A 
Fini te  Element  Computer  Program f o r  Axisymmetric E l a s t i c i t y  Problems". 
It  i s  based on the displacement  method (f ini te  e lement  theory)  and can 
de termine  the  d isp lacements  and  stresses i n  a r b i t r a r y  s o l i d s  o f  
r e v o l u t i o n   s u b j e c t   t o   a x i s y m m e t r i c a l   t r a c t i o n s ,  body fo rces ,   t empera tu re  
v a r i a t i o n s   a n d   p r e s c r i b e d   d i s p l a c e m e n t s .  The materials of t h e   s o l i d s  
are assumed t o  obey  Hooke's Law. A t h e o r e t i c a l  model  of  the  end member 
was ca l cu la t ed   w i th   t he   r e spec t ive   l oad ings   and   geomet r i e s .   Th i s  was 
then  broken down i n t o  a g r i d  t y p e  mesh for computer  program  input.  The 
computer  program output  cons is t s  of machine  p lo t ted  contour  stress maps 
of the  end member a l o n g  w i t h  t h e  s t a n d a r d  d i g i t a l  stress r e s u l t s .  The 
e q u i v a l e n t  o r  Von Mises stress con tour  map w i t h  i t s  r e s p e c t i v e  i s o s t r e s s  
l i n e s  i s  shown in  F igu re  2 .2 -14 .  
A summary of  the stresses on  the  map are g iven  in  Tab le  2 .2 -4 .  
The maximum va lues  are u s u a l l y  a s s o c i a t e d  w i t h  stress c o n c e n t r a t i o n s  
t h a t ,  w i t h  l a t e r  design  ref inements ,   can  be  minimized.  For example, 
the  27 ,645  ps i  stress a s s o c i a t e d  w i t h  t h e  b i m e t a l l i c  j o i n t  o c c u r s  
t h e r e  b e c a u s e  t h e  a n a l y t i c a l  model p l aced  the  co rne r  and  the  jo in t  
l i n e  c o i n c i d e n t ,  a s i t u a t i o n  t h a t  s h o u l d  be  avoided  in  ac tua l  hardware .  
The stress a n a l y s i s  f o r  t h e  b o r e  seal pos i t i on ing  end  member 
( r i g h t  e n d )  was c a l c u l a t e d  w i t h  t h e  u s e  of an in-house d i g i t a l  computer 
program that ,  while  similar to  the above program, i s  easier  t o  u s e  b u t  
less v e r s a t i l e .  A model similar t o  t h e  s t a t i o n a r y  e n d  member was 
developed  with i t s  r e s p e c t i v e   l o a d i n g s   a n d   g e o m e t r i e s .  The p r i n c i p l e  
l o a d i n g  o f  t h i s  e n d  member was t h e  t e n s i l e  f o r c e  a s s o c i a t e d  w i t h  t h e  
d i f f e r e n c e s  i n  t h e r m a l  e x p a n s i o n  b e t w e e n  t h e  s t a t o r  a n d  b o r e  seal. 
The r e l a t i v e  a x i a l  e x p a n s i o n  o f  t h e  s t a t o r  aS compared with the bore 
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Subassembly Seal Weld  (on  End) 
C b - 1 Z r  Support Ring 
Cb-1Zr End Member 
Ceramic to 
Metal  Seal 
Assembly Seal  Weld (on  End) 
Figure 2.2-14. Bore Seal End Member Assembly, Equivalent Stresses. 
TABLE 2.2- 4 
ComDonent Location 
Ceramic  Bore Seal: 
Cb- 1 Z r  End Member : 
Cb-1Zr Shoulder  Piece : 
Bimetallic J o i n t :  
18% Nickel  Piece:  
Weld J o i n t :  
Has t e l loy  B: 
PHASE I1 BORE SEAL  DESIGN  DATA 
EQUIVALENT  STRESSES 
p s i  
Minimum  Maximum 
582  6946 
3032  7209 
3 433 30647 
4095  27645 
4095 19595 
10033 443 11 
3433  30879 
Maximum St ress  Loca t ion  
Top, Cb-1Zr End  Member I n t e r f a c e  
End  Member Shoulder Piece Weld J o i n t  
fj Undercut 
Has te l loy  B, 18% Nickel/Cb-1Zr 
Shoulder  In te r face  
Bottom  Edge, Undercut  Face 
E Has te l loy  B Piece 
Frame I n t e r f a c e  
seal w a s  f o u n d  t o  be 0.0131 inches  a t  opera t ing   tempera tures .  A uniform 
seal temperature of 550 F w a s  f o u n d  t o  g i v e  t h e  same r e l a t i v e  a x i a l  
expansion. A p r e s s u r e  d i f f e r e n t i a l  of 2 0   p s i   o n   t h e   e x t e r n a l   ( s t a t o r )  
s ide  of  the  end  member w a s  a l s o  assumed f o r  i n p u t  t o  accoun t  fo r  any  
d i f f e r e n t i a l s  b e t w e e n  t h e  r o t o r  and s t a t o r  c a v i t i e s .  I n i t i a l  i n p u t  of 
a 60 m i l  w a l l  th ickness  on the end member p roved  to  be  too  s t i f f  and  the  
stresses ca lcu la ted   exceeded   the  material p r o p e r t i e s .  A th inner   and  
hence  more f l e x i b l e  wal l  w a s  then  inputed.   With a wall  t h i c k n e s s  of 
30 m i l s  t he  maximum bending stresses c a l c u l a t e d  were approximately 
71,000 psi  which i s  w i t h i n  t h e  p r o p e r t y  limits. 
0 
The 550 F soak  temperature limit i n t r o d u c e s  a new problem.  Since 
0 
i t  i s  r e a s o n a b l e  t o  assume t h e  minimum al lowable thermal  soak temperature  
might be  700 F, the   des ign   mus t  be r e f i n e d  t o  h a n d l e  i t .  For the  0.030 
i n c h  t h i c k  member above ,  t he  r e l a t ive  expans ion  a t  700 F uniform i s  
0 .0167  inches  r equ i r ing  a 2830  pound t h r u s t  f o r c e  f r o m  t h e  p r e l o a d  
sp r ing .  This resul ts  i n  a maximum 90,000 ps i  bend ing  stress i n  t h e  e n d  
member . 
0 
0 
2.3 PRELIMINARY  DESIGNS 
Layouts 
The s i g n i f i c a n t  f e a t u r e s  o f  t h e  a l t e r n a t o r  e lectr ical  and 
s t r u c t u r a l  d e s i g n  are found i n  t h e  r o t o r ,  s t a t o r  and  bore seal con- 
f igura t ions   o f   F igures   2 .3-1   and   2 .3-2 .  The b e a r i n g ,   s h a f t  seal and 
s t u b  s h a f t  c o n f i g u r a t i o n s  are d i s c u s s e d  i n  C h a p t e r s '  7 and 8 of t h i s  
r e p o r t .  The vapor seals and  scavenge sys tem p r e v i o u s l y   d i s c u s s e d   i n  
Part 2.2 of t h i s  s e c t i o n  of t h e  r e p o r t  ac t  t o  r e d u c e  t h e  r o t o r  c a v i t y  
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COPPER ALLOY F I E L D  
FIELD  COIL  TERMINALL COIL S T R A P S  
I POTASSIUM O U T 3  a/AOlj 
I '  
POTASSIUM  IN POTASSIUM  COOLING  DUCTS 
MOUNT FOR COLD  FRAME TO TURBINE 
ORE SEAL  SPRING  LOAD 
ORE SEAL  BIMETALLIC  JOINT 
ORE SEAL METAL  END  MEMBER 
LUMINA BORE SEAL BODY 
DTASSIUM  OUTLET 
ROTOR,  POTASSIUM FLOW 
jTRlBUTlON  MANIFOLOS 
HE METIC  CAN AROUND STLTOR  CAVITV 
LA r .\ I 1  h 
INLET 
PUMP 
Figure 2.3-1. Generator, AC 600 KVA 0.75 PF 19,200 RPM 1600 HZ 
480 Vol ts L-N 7OO0r, Potassium Cooled. 
1 
F i g u r e  2.3-2. Generator, AC 600 KVA 0.75 PF 19,200 RPM 1600 HZ 
480 V o l t s  L-N 7OO0F, Potassium Cooled. 
p r e s s u r e  t o  0.004 ps ia  to  min imize  windage  lo s ses .  The detai ls  of t h e  
r o t o r  c a v i t y  s c a v e n g e  s y s t e m  p l u s  t h o s e  of t h e  b o r e  seal c o n f i g u r a t i o n  
were d i s c u s s e d   i n  the previous   sec t ion .   L ikewise ,   because  the  
electrical  design and materials se lec t ion  have  been  d iscussed  e l sewhere ,  
t h e y  a r e  n o t  r e p e a t e d  i n  t h i s  s e c t i o n .  
A s  seen on Figure 2.3-1,  the b a s i c  a l t e r n a t o r  i s  made.up of t he  
rotor ,   the   magnet ic   f rame,   the  Hiperco-27 stacks, t h e  a r m a t u r e  c o i l s  
and t h e  f i e l d  c o i l s .  The rest of t h e  conf igu ra t ions   a round   t hese  
fundamen ta l  componen t s  a re  to  t r ans fe r  t he  coo lan t  i n  and  ou t ,  t r ans -  
f e r  t h e  power out  and support  t h e  s t a t o r  and r o t o r  a s  a n  i n t e g r a t e d  
u n i t .  The end bel ls  mount ing   the   bear ing   hous ings   to  t h e  s t a t o r   f r a m e  
are mechanica l ly  fas tened  d i r e c t l y  t o  the  m a g n e t i c  f r a m e  t o  u t i l i z e  t h e  
s t r u c t u r a l  r i g i d i t y  a s s o c i a t e d  w i t h  t h e  r e l a t i v e l y  l a r g e  m a g n e t i c  f r a m e .  
Because o f  t he  a rma tu re  co i l  leads pass ing  th rough  t h e  a n t i - d r i v e  e n d  
b e l l  t o  t h e  bus  r ings ,  t he  an t i -d r ive  end  b e l l  becomes a permanent  par t  
o f  t h e  e l e c t r i c a l  assembly upon completion of the e lectr ical  winding. 
I n  p a s s i n g  t h r o u g h  t h i s  e n d  b e l l ,  o n e - h a l f  i n c h  s p a c i n g  i s  allowed around 
each lead. This i s  to  minimize eddy c u r r e n t  h e a t i n g  due  t o  t h e  h i g h  
f r e q u e n c y   a l t e r n a t i n g   f l u x   s u r r o u n d i n g  the  lead .   This   ha l f - inch   spac ing  
i s  a d h e r e d  t o  a s  a g e n e r a l  r u l e  €or a l l  t h e  e lectr ical  l eads  o f  t he  AC 
armature c o i l .  
The s t a t o r s  are h e r m e t i c a l l y  sealed to  pe rmi t  ope ra t ion  wi thou t  
subjec t ing  the  s ta tor  components  to  cor ros ion  damage by e i t h e r  a i r  or 
m o i s t u r e  e x t e r n a l  t o  the g e n e r a t o r  or po tas s ium vapor  in t e rna l  t o  the  
r o t o r  c a v i t y .  The ambient  of th i s  hermetically sealed c a v i t y  i s  a hard 
vacuum or i n  f l i g h t ,  s p a c e  vacuum. The hermetic   shroud i s  a t h i n  wall 
re inforeed   can  whose th i ckness  i s  30  to  40 mils. There are r e i n f o r c i n g  
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r i n g s  a r o u n d  t h e  c a n  t h a t  a l s o  d o u b l e  as c o o l a n t  d i s t r i b u t i o n  m a n i f o l d s  
for t h e  s t a t o r  c o o l a n t .  The stator coolant   en te rs   and   leaves   th rough 
these   t o ro ida l   shaped   man i fo lds .   These   d i s t r ibu t ion   man i fo lds   f eed   t he  
t o r o i d a l  s h a p e d  c o o l a n t  d u c t s  t h a t  a r e  bonded d i r e c t l y  t o  t h e  H i p e r c o - 2 7  
frame. I t  s h o u l d  b e  p o i n t e d  o u t  t h a t  t h e  s t a t o r  c o o l a n t  d u c t s  bonded to  
the  f rame shown are only  meant  to  be schematic .   Thermal   cool ing  analyses  
i n d i c a t e  t h e r e  are a t  least  a h a l f - d o z e n  d i f f e r e n t  ways these  coo l ing  
d u c t s  c a n  be c o n f i g u r e d  t o  t h e  f r a m e ;  t h e  a c t u a l  d e t a i l s  a r e  t h e r e f o r e  
lef t  to  the  f ina l  ha rdware  s t age  and  the  manufac tu r ing  eng inee r ' s  
s e l e c t i o n .  The f i e l d  c o i l  c o o l i n g  d u c t s  m u s t  be a c c o r d i n g  t o  t h e  
c o n f i g u r a t i o n  shown, i. e. , b a s i c a l l y  on t h e  side of t h e  two bundles of 
c o i l  s t r a p s  and  bonded t o  the frame sides. The v a r i o u s   c o o l i n g   d u c t s  
a r e  i n  p a r a l l e l  f l o w  w i t h  e a c h  o t h e r  t o  m i n i m i z e  t h e  temperature  rise 
th rough  the  s t a to r  and  the re fo re  min imize  the  t empera tu re  g rad ien t s .  
The s t a t o r  p u n c h i n g s  a r e  0.004 inch  th ick  Hiperco-27  magnet ic  a l loy ,  
have a semi-c losed  s lo t  to  reduce  pole  face  losses ,  and  are  assembled  in to  
an  unwelded  stack  to reduce i r o n  l o s s e s .  A 0.0004 inch  t h i c k  l a y e r  of 
p l a sma-a rc  sp rayed  a lumina  cons t i t u t e s  the  i n t e r l a m i n a r  i n s u l a t i o n .  
The small block of m a t e r i a l  shown o n  t h e  e n d s  o f  t h e  s t a c k s  a r e  s m a l l  
t a b s  o n  t h e  e n d s  o f  t h e  s l o t  l i n e r s .  Those  hold  and  align  the  unwelded 
s t a c k s  p r e v e n t i n g  t h e  t h i n  t e e t h  f r o m  f l a r i n g  e x c e s s i v e l y .  A s  seen  on 
F igure  2 .3-2  in  the  sec t ion  v iew through the  s tack ,  the  bot tom s lo t  
l i n e r  m u s t  be sl i t  i n t o  a n  "L" s h a p e  i n  o r d e r  f o r  t h e  s l o t  l i n e r  t o  be 
a s sembled   i n to  the semi -c losed   s lo t .  The u p p e r  s l o t  l i n e r s  are "U" 
shaped and can be assembled from the ends of the stack a t  t h e  time of 
winding. The segmented Be0  hea t   s ink   be tween   t he   s t acks   ac t s  as  a 
s p a c e r  t o  s e r v e  the same f u n c t i o n  of p r e v e n t i n g  e x c e s s i v e  f l a i r  b e t w e e n  
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t h e  s t a c k s .  A s  t h e  name i m p l i e s ,   t h e  Be0 h e a t  sinks act t o  c a r r y  t h e  
a r m a t u r e  c o i l  h e a t  f r o m  b e t w e e n  t h e  s t a c k s  i n t o  t h e  c o o l i n g  s i n k  o f  t h e  
c o p p e r  f i e l d  c o i l  a b o v e  it. The size of   the  segment  will be  determined 
by manufacturing  economies.  The f i e l d  c o i l  i s  wound i n t o  two (series 
connec ted )   t o ro ids  of f l a t  s t r a p s .  They are electr ical ly  i n s u l a t e d  
f rom  each   o ther   and   the   cool ing   duc ts .   There  i s  a f l a t - to - round  
t r ans i t i on  sec t ion  be tween  each  co i l  bund le  and  t e rmina l .  
There are f o u r  b u s  r i n g s  o n  t h e  a n t i - d r i v e  e n d  o f  t h e  g e n e r a t o r .  
The pa ra l l e l  phase  g roups  o f  t he  a rma tu re  are connec ted  to  each  bus  
r i n g  i n  s u c h  a manner t h a t  t h e  b u s  r i n g  I R l o s s e s  are h e l d  t o  a minimum 
which i n  t u r n  p e r m i t s  t h e  r i n g s  t o  be  coo led  by  r ad ia t ion  to  the  s t a to r  
c a v i t y  walls.  The maximum bus   r ing   t empera ture   can   be   expec ted   to   be  
less and 900 F wi th  a 700 F s ink  tempera ture .  The bus  r ings  are 
supported by ceramic i n s u l a t i o n  and a mechanical mount as i l l u s t r a t e d  
i n  t h e  end  view  of  Figure  2.3-2. The r i n g s  are n o t  c o n t i n u o u s  r i n g s ,  
b u t  are p a r t i a l  arcs a l lowing  for  thermal  expans ion  wi thout  diametral  
growth. The i n s u l a t i o n  p i e c e s  are spaced   qu i t e  w i d e l y  on t h e  O.D. of 
t h e  r i n g s  t o  p e r m i t  a good f i e l d  of view f o r  r a d i a t i o n  c o o l i n g .  The 
t a b s  on  the  r ings  are held by  the  cont inuous  ( segmented)  inner  ceramic 
mounting  r ings.  Bonded t o  t h e s e  t a b s  are the   l eads   o f   the   a rmature  
coi ls .  These  leads come s t r a i g h t   o f f   t h e   a r m a t u r e   c o i l   i n t o   b u s   r i n g s  
as  seen   i n   F igu re   2 .3 -1 .   Th i s  i s  i m p o r t a n t   t o   t h e   d e s i g n  of t h e  
a l t e r n a t o r  s i n c e  i t  w i l l  be necessary  to  bake  out  the  Anadur  and  f i re  i t  
p r i o r  t o  a s s e m b l y  of the  windings.   This   pre-bake i s  t o  o b t a i n  a b e t t e r  
s l o t  f i t - u p  a t  assembly by a c c o u n t i n g  f o r  t h e  35 percent  Anadur  
s h r i n k a g e  p r i o r  t o  w i n d i n g .  A s  ment ioned   p rev ious ly ,   t he re  are only   30  
wire e n d s  t h a t  are t o  b e  a t t a c h e d  t o  t h e  b u s  r i n g s  a n d  a s  seen by the 
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f igu res ,  t hese  a re  in  r ead i ly  accessab le  a reas .  Th i s  min imizes  bond ing  
problems. 
The Anadur pre-bake and shrinkage problem could be a l l e v i a t e d  some- 
what by us ing  segmen ted  s lo t  l i ne r s  t ha t  would not  be completely inser ted 
u n t i l  a f t e r  winding  and  baking  processes.  These would be similar t o  t h e  
configuration of the segmented PBN insu la t ion  p i eces  be ing  t e s t ed  on  
Contract NAS3-10941 a t  Westinghouse. The PBN material being evaluated 
o n  t h a t  c o n t r a c t  w a s  n o t  s e l e c t e d  f o r  t h e  KTA s l o t  i n s u l a t i o n  b e c a u s e  
of the  lack  of need fo r  t he  spec ia l i zed  h ighe r  t empera tu re  capab i l i t i e s  
of the PBN mater ia l  and  the  economies  tha t  resu l t  wi th  the  more r e a d i l y  
avai lable   a lumina.   Nevertheless ,   these PBN eva lua t ions  are being 
followed closely because of the impact any adversely low s lo t  conductance  
(measured conductance) would have  on the assumptions used in  the s ta tor  
cool ing design.  
There i s  one terminal  per  bus r ing,  central ly  located about  the 
armature  connections.  Because of the  temperatures  brought on by the  
high current  densi ty  and because of the  l imi ted  space ,  spec ia l  t e rmina l  
s t u d s  are required.  They 2re s i z e d  r a t h e r  l a r g e  t o  h a v e  s u f f i c i e n t  c r o s s  
s e c t i o n a l  area to  pe rmi t  them t o  be self-cooled by rad ia t ion .   Nicke l  
p l a t i n g  i s  used to  obta in  an  emmis iv i ty  of 0.4  on t h e  o u t e r  s u r f a c e s .  
They can be cooled by r a d i a t i o n  a l o n e  t o  less than 900°F f o r  a 700°F 
ambient . 
The f ea tu res  o f  t he  ro to r  des ign  are found i n  t h e  s l o t t e d  p o l e  
f aces  and  in  the  cen t r a l  coo l ing  ho le  and scavenge system. The material 
i s  s o l i d  H-11 steel, h e a t  t r e a t e d  t o  45 - + l R c .  The s l o t t e d  p o l e  f a c e s  
have 0.006 wide by 0.100 inch deep s lots ,  approximately 30 per  inch ,  
t h a t  are cut with gangs of carbide cut-off wheels.  The p r o c e s s  f o r  
doing this  has  previously been developed by Westinghouse. 
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The c e n t r a l  h o l e  i n  t h e  r o t o r  c o r e  s e r v e s  a number  of f u n c t i o n s ,  
t h e  f i r s t  of  which i s  f o r  h e a t  t r e a t m e n t  to o b t a i n  t h e  45 R ha rdness  
and  the  second  of  which i s  f o r  r o t o r  c o o l i n g .  Also, w i t h  t h e  c e n t e r  of 
t h e  f o r g i n g  d r i l l e d  o u t ,  r e l i a b i l i t y  s h o u l d  be  enhanced by e l i m i n a t i n g  
a n y  c e n t e r  l i n e  i n c l u s i o n s .  The c o o l a n t  f l o w  coming i n t o  t h e  r o t o r  i s  
jetted through impulse  turn ing  vanes ,  passes  a long  an  inner  tube  down 
t o  t h e  d r i v e  end s t u b  s h a f t ,  i s  dumped on to  the  ro to r  bo re  the re  and  
s u b s e q u e n t l y   r e t u r n s   t o   t h e   a n t i   d r i v e   e n d   b e a r i n g   c a v i t y .   B e c a u s e   o f  
t he  ro t a t iona l  speed  o f  t h i s  i nne r  t ube  and  the  bo re ,  t he  coo lan t  w i l l  
only  form a s  a t h i n  f i l m  on t h e  i n s i d e  of r o t a t i n g  s u r f a c e s .  The th i ck -  
n e s s  (or t h i n n e s s )  of t h i s  f i l m  c a n  be c o n t r o l l e d  by the over-f low edge 
on t h e  a n t i  d r i v e  e n d  s t u b  s h a f t  n e a r  where i t  i s  labeled "Rotor Flow 
O u t l e t ,  B e a r i n g  I n l e t  I '  on Figure  2 .3-1.  The  pumping  head c r e a t e d  by 
any f l u i d  i n  the  b e a r i n g  i n l e t  t u b e  w i l l  overcome the  back  pressure  of 
t he  bea r ing  cav i ty .  
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With proper  control  of t h e  c o o l a n t  f i l m  t h i c k n e s s  i n  t h e  r o t o r  
bore ,  the  minimum tempera ture  rise a c r o s s  t h e  r o t o r  a s  w e l l  a s  t h e  
maximum h e a t  t r a n s f e r  c o e f f i c i e n t  may be obta ined .  A very  s l igh t  change  
i n  t h e  t h i c k n e s s  of t h e  c o o l a n t  f i l m  a l o n g  t h e  a x i a l  l e n g t h  o f  t h e  b o r e ( s )  
i s  a l l  t h a t  i s  necessa ry  to  p rov ide  a s e l f  pumping a c t i o n  t o  move t h e  
c o o l a n t   a l o n g   t h e   b o r e ( s )   i n   t h e   a x i a l   d i r e c t i o n .   T h e s e   c o n c e p t s   h a v e  
previous ly  been  demonst ra ted  and  repor ted  in  the  re ferences  2 .3-1  and  
2.3-2. The cen te r   t ube  i s  ma in ta ined   concen t r i c   t o   t he   concen t r i c  
r o t o r  b o r e  by f o u r  s p a c e r s  shown on Figure  2 .3-1.   Concentr ic i ty   between 
t h e  c e n t r a l  b o r e s  and t h e  r o t a t i o n a l  c e n t e r  i s  ve ry  impor t an t  t o  the  
cool ing   f low as  well a s  t h e  r o t o r  u n b a l a n c e .  T h i s  i s  because  the  th in  
f i l m  i n  t h e  c e n t r a l  b o r e  i s  s e n s i t i v e  t o  a n y  r u n o u t  d u e  t o  p o o r  
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m a n u f a c t u r i n g , o r   c o n t r o l   o f   c o n c e n t r i c i t i e s .  "he d e t a i l s  of t h e  r o t o r  
cavi ty  scavenge  sys tem on Figure 2.3-1 are a rough schematic only; see 
F igure  2.3-3 f o r  expanded  de ta i l s .  
The basic assembly sequence of t h e  a l t e r n a t o r  is as  fo l lows :  
F i r s t ,  wind t h e  f i e l d  c o i l  and  assemble  the  frame  (with bonded 
c o o l a n t  d u c t  a s s e m b l i e s )  a r o u n d  t h e  f i e l d  c o i l .  Then assemble 
the   f rame  cap   to   form  the   magnet ic   f rame  s t ruc ture .  The frame 
cap i s  s p l i t  i n t o  two half-moon sections and fonns a mechanical 
connection  between  the two frames  over   the  s tacks.   This   has  the 
u n d e s i r a b l e  f e a t u r e  t h a t ,  o n c e  t h e  f i e l d  c o i l  is assembled, i t  i s  
d i f f i c u l t  t o  d i s a s s e m b l e  t h e  s t a t o r  t o  r e p a i r  the f i e l d  c o i l  w i t h -  
ou t   l o s ing   concen t r i c i ty   be tween   s t acks .  However, t h i s  may be 
overcome wi th  p rope r  too l ing  to  ho ld  the  a s sembled  a l t e rna to r  
s t a c k s  c o n c e n t r i c ,  b u t  t h e  h i g h  r e l i a b i l i t y  e x p e c t e d  of t h e  r a t h e r  
s imple  f i e ld  co i l  con f igu ra t ion  shou ld  e l imina te  need  for 
replacement.  
With the  frame  assembled,  the  stacks are mounted i n t o  the frame 
and t h e  a r m a t u r e  c o i l s  are wound i n t o  the s l o t s  a l o n g  w i t h  the  
r i g i d  ceramic i n s u l a t i o n .  Once t h i s  i s  comple ted ,   the   an t i -dr ive  
end b e l l  and the dr ive-end frame extensions are mounted t o  
mechanical ly   lock  the  unwelded  punchings  into  the  f rame.  A t  t h i s  
po in t ,  the  var ious  mount ing  d iameters*  may be g round  concen t r i ca l ly  
as an  assembly.  These would c o n s i s t  of t he  moun t ing  d i ame te r  fo r  
t h e  dr ive-end end bel l  and the  bear ing  hous ing  I D ' S  on  the  an t i -  
*Excludes the stack 1D.That diameter would be used as  a r e f e r e n c e  d i a m e t e r  
t o  be set up c o n c e n t r i c a l l y  i n t o  t h e  g r i n d e r .  T h i s  i s  to   avoid   contaminat ing  
the s t a t o r  w i t h  f o r e i g n  p a r t i c l e s .  
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Rotor C a v i t y  
Dra in  Line  
\ 
.Valve 
A n t i d r i v e  End 
R o t o r  S t u b  S h a f t  
/ I I n l e t  Impulse Vanes 
Scavenged  Chamb r 
F l u i d  
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d r i v e  e n d .  A f t e r  tha t ,  t he  bus  r ings  and  t e rmina l s  may be 
assembled  onto  the  ends  of the  assembly of  the hermetic  shroud 
a r o u n d  t h e  s t a t o r  c a v i t y  w i t h  i t s  f i e l d  c o i l  t e r m i n a l s  a n d  
r e i n f o r c i n g / c o o l a n t  manif o l d   r i n g s .  
A s  seen  by  the  d i scuss ion  so f a r ,  t h e  s t a t o r  c a n  b e  a s s e m b l e d  
a s  a u n i t  s e p a r a t e  f r o m  t h e  r o t o r  and  bea r ing  s tub  sha f t  
assembl ies . .  This  i s  a n  i m p o r t a n t  f e a t u r e  f o r  d i s a s s e m b l y  
c a p a b i l i t y  a f t e r  tests with potassium or for general  maintenance.  
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The l a s t  s t e p  t o  t h e  s t a t o r  a s s e m b l y  i s  t o  i n s e r t  t h e  b o r e  seal ,  
p l ac ing  the  bo re  seal pre load  spr ing  in  proper  compress ion  and  
making the  seal welds between the bore seal end member a s sembl i e s  
and the steel frame or end  be l l s .  
The f i n a l  p h a s e s  o f  t h e  a s s e m b l y  c o n s i s t  of assembl ing  the  bear ing  
components a t  t h e  same time i n s e r t i n g  t h e s e  p l u s  t h e  r o t o r  i n t o  
t h e   s t a t o r   a s s e m b l y .  The sequence   fo r  th is  w i l l  be t o  i n s e r t  t h e  
r o t o r  and  assemble  the  an t i -dr ive  end  bear ing  a t  the  same time. 
Th i s  w i l l  be followed by a t t a c h i n g  t h e  dr ive-end end bel l  and 
i n s e r t i n g  t h a t  b e a r i n g  a t  t h e  same time. The two ends of t h e  
bear ing  hous ings  are then  capped  of f  to  comple te  the  to ta l  a l te r -  
nator   assembly.   Disassembly i s  i n   t h e   r e v e r s e   d i r e c t i o n .  
The a l t e r n a t o r  i s  a t t a c h e d  t o  t h e  t u r b i n e  t h r o u g h  t h e  "Mount f o r  
Cold  Frame". A p i l o t  f i t  and s t u d s  are p rov ided  to  mechan ica l ly  a t t ach  
t h e  f r a m e .  J u s t  a b o v e  t h a t  f i t  i s  the dr ive-end   end   be l l   connec t ion .  
Because t h i s  j o i n t  m u s t  b e  h e r m e t i c a l l y  s e a l e d ,  i t  a p p e a r s  t o  r e q u i r e  
a s e c o n d  p i l o t  f i t  and b o l t  c i rc le  o v e r  t h a t  a l r e a d y  u s e d  f o r  t h e  c o l d  
f rame  to   tu rb ine .   S ince   combina t ion  of t h e s e  two f i t s  would save  weight,  
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Electr ical  Weight  (1.08  lbs/kVA) 
S t a t o r  
R o t o r  ( w i t h o u t  s t u b  s h a f t s !  
S u b - t o t a l ,  Electr ical  
Inert  Hardware Weight 
TABLE 2.3-2 
WEIGHT SUMMARY 
343.4 
303.5 
646 .9   l b s  
S tub   Sha f t s ,   Bea r ings  & Housings - DE 
ADE 
End Bells 
Hermetic Shroud 
Bus Rings,   Terminals ,  Misc. 
DE 
ADE 
Sub- t o t a l ,   I n e r t  
T o t a l  S p e c i f i c  Wei'ght = 894 Ibs = 1.99  lbs/kw 
450 kw 
71  
39 -
110 l b s .  
25 
21 -
46 l b s  
20 l b s  
62 l b s  
238 l b s  
884.9 lbs. 
Specif ic   Weight ,   884.9 , 1.96  1b 
45 0 kw 
- 
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magnetic component materials s e l e c t i o n s  were based  on  an  inves t iga t ion  
of i n d i v i d u a l  material p r o p e r t i e s  r e l a t i v e  t o  a p p l i c a t i o n  r e q u i r e m e n t s .  
T a b l e  2 . 4 1  l i s ts  t h e  g e n e r a t o r  e l e c t r o m a g n e t i c  materials and the 
g e n e r a l  b a s i s  f o r  t h e i r  s e l e c t i o n .  
2.5 FAILURF MODE, EFFECT AND CRITICALITY STUDY 
The F a i l u r e  Mode, E f f e c t  a n d  C r i t i c a l i t y  S t u d y  (FME&CS) w a s  
c a r r i e d  o u t  f o r  p u r p o s e s  of i d e n t i f y i n g  a n d  c a t a l o g i n g  t h e  v a r i o u s  
modes and e f f e c t s  of component f a i l u r e s  down t o  and including sub- 
a s sembly   l eve l s   whereve r   poss ib l e .  The camponents  and  subassemblies 
were ca t egor i zed  by a r e l i a b i l i t y  model t h a t  c o n s i s t e d  o f :  
(1) Rotor  and r o t o r   c o o l a n t ,  
(2) S t a t o r  and s t a t o r   c o o l a n t ,  
(3) Bore seal assembly, 
(4 )  Field  winding  and  insulat ion,   and 
(5) Armature winding   and   insu la t ion   combined ,   and   the   iner t  
hardware. 
The bea r ings  and seals were not  cons idered  as p a r t  of t h e  
r e l i a b i l i t y  model.  These are n o t  p a r t  of t h e  s p e c i f i c  a l t e r n a t o r  
e l ec t romagne t i c  des ign  t a sk .  
The FME&CS w a s  undertaken a t  a j o i n t  m e e t i n g  of t h e  m a t e r i a l s ,  
des ign ,  and r e l i a b i l i t y  engineers  most  exper ienced  in  the  KTA des ign  
ph i losoph ies .  A t  t h i s  m e e t i n g ,  a l l  known p o s s i b l e  f a i l u r e  modes were 
i d e n t i f i e d ,   d i s c u s s e d ,   a n d   t a b u l a t e d .  The f a i l u r e  modes i d e n t i f i e d  
were co r re l a t ed  acco rd ing  to  immedia t e  or long tern e f f e c t s  on the 
s y s  t e m  . 
97 
TABLE 2.4-1 
ALTERNATOR MATERILS 
W 
03 
Component Mater ia l   Se lec t ion  
S t a t o r  Frame 
Armature  Laminations 
Lamina t i on   In su la t ion  
Armature  Conductor 
Arma ture  Conductor 
Insu la t ion  
Field Conductor 
Hiperco-27 
Hiperco-27 
Plasma-Arc  Sprayed 
Alumina 
Nickel  Clad  Silver 
Anadur-Ref rac tory  
Oxide and Glass F r i t  
Over S-Glass Fiber 
Serving with Sil icone 
Resin Bonding 
CUBE Copper- Be0 
Dispersion Strengthened 
Copper 
Based on r e s u l t s  of  work presented in  Reference 
2.4-5. Has high  magnetic  induction a t  e l e v a t e d  
temperatures,   high  thermal  conductivity,  good 
magnetic stabil i ty,  adequate mechanical strength.  
Based on r e s u l t s  of work presented in  Reference 
2.4-5.  Thermal  expansion c h a r a c t e r i s t i c s  same 
as  fo r  ma t ing  f r ame .  
Based on r e s u l t s  of work presented in  Reference 
2.4-3. Good s t a b i l i t y  and minimum o u t g a s s i n g  a t  
high temperature levels.  
Based  on r e s u l t s  of work presented in  Reference 
2.4-3. 
Based on r e s u l t s  of work presented in  Reference 
2.4-3. 
Based on r e s u l t s  o f  work presented  in  Reference  
2.4-3. Good h igh   tempera ture   s tab i l i ty ,   h igh  
e l e c t r i c a l  c o n d u c t i v i t y ,  j o i n t s  d o  n o t  r e q u i r e  
c ladding  protect ion.  Poor coi l   forming 
charac te r i s t ics  judged  adequate  for  s imple  f ie ld  
co i l  conf igura t ion .  
TABLE 2.4-1  (Continued) 
ALTERNATOR  MATERIALS 
ComDonent 
Field Conductor 
Insulat ion 
Armature Slot Liners 
and Wedges 
Bus Rings 
Bore Seal 
CD 
(D 
Bore Seal End  Member 
Bimetal l ic  Joint  
Steel  
Rotor Forging 
End Bells 
Hermetic Shroud and 
Cooling Ducts 
Material 
Synthetic Mica Paper 
Alumina, 99.5% Pur i ty  
CUBE Copper 
Alumina, 99.8% Purity 
Cb- 1 Z r  
18% N i  Maraging Steel  
H - 1 1  (AMs 6487) 
Hastelloy B 
L 605 
Selection 
Based on r e s u l t s  of  work presented i n  Reference 
2.4-3. Low outgassing a t  f i e l d  c o i l  temperature, 
good abrasion resis tance.  
Based on r e s u l t s  of  work presented i n  Reference 
2.4-4. Good s t a b i l i t y  a t  high  temperature,  high 
thermal conductivity, minimum outgassing. 
Same as “Field Conductor” above. 
Based on r e su l t s  of work presented i n  Reference 
2.4-4. Alkali  metal  compatibility  with  high 
e lec t r ica l  res i s tance .  
Based on r e s u l t s  of  work presented i n  References 
2.4-4 and 2.4-8.  Alkali  metal and braze joint  
compatibil i ty.  
Coefficient of expansion, low N i  content,  weld- 
abi l i ty ,   s t rength,   potassium  resis tance.  
Based on r e s u l t s  of Phase I s tudies  and work 
presented i n  References 2.4-6 and 2.4-7. 
Coefficient of expansion, non-magnetic, oxidation, 
and potassium resistant,  adequate strength,  readily 
available; can be readi ly  fabr ica ted  in  complex 
end bell shapes. 
Coefficient of expansion,  non-magnetic,  oxidation 
and potassium resistant,  adequate strength,  readily 
avai lable  and fabricable .  
For t h e  s t u d y ,  i t  w a s  assumed t h e  a l t e r n a t o r  was i n  a n  o p e r a t i n g  
c o n d i t i o n  a n d  s u c c e s s f u l  o p e r a t i o n  c o n s t i t u t e d  t h e  a b i l i t y  t o  p r o d u c e  
u s e f u l  power.  The  "power  system" was d e f i n e d  as t h e  KTA and i t s  
a b i l i t y  t o  p r o d u c e  power. The e f f e c t  o f  t h e  f a i l u r e  o n  t h e  power 
s y s t e m  was eva lua ted  f rom the  s tandpoin t  of  l i f e ,  power output,  over- 
l o a d ,   s h o r t s ,   v i b r a t i o n ,   u n b a l a n c e ,   o v e r s p e e d   c a p a b i l i t y ,  e tc .  The 
g u i d i n g  p h i l o s o p h y  i n  c a t a l o g i n g  t h e  f a i l u r e  modes was "HOW does the 
power sys tem respond t o  t h e  v a r i o u s  f a i l u r e  modes". The probable  
causes  of t h e  f a i l u r e  are l i s t e d  t o  e x p l a i n  how a p a r t i c u l a r  f a i l u r e  
might occur.  
The t a b u l a t i o n  of t h e  FMELCS i s  p resen ted   i n   Tab le   2 .5 -1 .   In  
a l l ,  t h i r t y - s i x  f a i l u r e  modes are c a t a l o g u e d  i n  t h e  t a b l e .  
2.6 CONCLUSIONS AND F C E C O A T I O N S  
The s t a t o r  e lectr ical  des ign  can  be  a s sumed  to  be  r e l a t ive ly  
f i x e d  a t  t h i s  s t a g e  of t h e   d e s i g n .   F u r t h e r   a n a l y s e s   t o   s e e k  e lec t r ica l  
des ign  r e f inemen t s  w i l l  p robably  not  y i e l d  s u f f i c i e n t  r e t u r n  t o  w a r r a n t  
t h e  e f f o r t  r e q u i r e d .  The only   change   tha t   might  be a n t i c i p a t e d  i s  i f  
sample tests e v e r  show t h a t  t h e  s l o t  c o n d u c t a n c e  i s  much less than 
0.2 w a t t s / i n  C u sed   i n   t he   des ign .   The re  i s  a t  least  a 5 : l  s a f e t y  
margin i n  t h e  d e s i g n  n o t  t o  o b v i a t e  a s  b e s t  as p r a c t i c a l  t h e  n e e d  f o r  
any la te r  r edes ign .  The s lo t   conductance   mus t  be measured i n  a 
s i m u l a t e d  s t a t o r  t o  d e t e r m i n e  i f  t h e  5 : l  margin i s  adequate .  
2 O  
The s t a t o r  s t r u c t u r a l  d e s i g n  c o n c e p t s  are b a s i c a l l y  f i x e d  b u t  are 
s u b j e c t  t o  f i n a l  d e s i g n  r e f i n e m e n t s  i n  t h e  h a r d w a r e  d e s i g n  s t a g e  f o r  
( 1 )  t h e  s e l e c t e d  s t r u c t u r a l  material, and (2)  s t i f f e n i n g  t h e  e n d  b e l l  
s p r i n g  c o n s t a n t s .  
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TABLE 2.5-1 
NASA/KTA ALTERNATOR 
FAILURE MODE. EFFECT & CRITICALITY  ANALYSIS 
Immediate 
E f f e c t  On 
Opera ti on 
Long Range 
E f f e c t  on 
Operation 
Probable Causes 
Of F a i l u r e  
Mode of 
F a i l u r e  
E f f e c t  On 
Power  Sys tem 
ROTOR 
Non-Uniform 
creep rate 
or y ie ld  
Due t o  non- 
unif o m  pro- 
p e r t i e s  
Increased 
v ib ra t ion  
S tub  shaf t  
rub seals 
Due t o  l o s s  of 
c o n c e n t r i c i t y  
Increased 
v i b r a t i o n  
Wear or 
se i zu re  
Loss of sys  tern 
P 
w o Stub   shaf t  
f a t i g u e  
Abnormal bearing 
whir l  
Breaks off -” Loss of system 
Crack propa- 
g a t i o n  i n  
ro to r  co re  
Due to  embrit- 
t l i n g  and high 
stress 
Increased 
s t r a i n  
Rotor dis- 
i n t e g r a t e s  
Loss of system 
Mass t r a n s f e r ,  
stress corrosion 
& galvanic co 
corrosion 
A l l  due t o  mass 
t r a n s f e r  
Added s o l i d s  
in to  coo lan t  
Increased   Shor ten   l i fe ,  
stress, s t r a i n   l o s s  of system 
& poss ib l e  
l o s s  of r o t o r  
MHJI & plasma 
e ros ion  on 
bore seal 
Dug t o  Corona 
& ~ x B i n  
plasma 
Reduce output Loss of  bore seal loss of output  
Major l o s s  of 
concen t r i c i ty  
Due t o  l o s s  of 
bearing 
Rub and/or 
l o s s  of 
r o t a   t i o n  
”- Loss of system 
TABLE 2.5- 1 (Continued ) 
Probable  Causes 
Of P a i l u r e  
Immediate E f f e c t  
On Operation 
Long Range E f f e c t  
On Operation 
Effec t  on  
Power Sys tem Mode of F a i l u r e  
Mater ia l  Property 
change 
Embrittlement,  creep, Minor  change i n  
r e s i s t i v i t y ,   p e r m e a b i l i t y  power output  
Excessive creep o r  
y i e ld  
S h o r t e n  l i f e  
ROTOR COOLANT 
Due t o  system mal func t ion   Poss ib le   p las t ic  
y i e ld  or rupture  
Excessive coolant 
temperature 
Excessive creep or 
y i e l d  
Loss of system 
or  s h o r t e n  l i f e  
Loss of cav i ty  
vacuum c o n t r o l  
Due to  seal f a i l u r e  or Increased cavi ty  
vent plugging pressure & windage 
Excessive rotor  
c r e e p  r a t e ,  f a i l u r e  
of bore seal 
members 
Loss of system 
BORE SEAL  ASSEMBLY 
Loss of output  Loss of Hermetic 
Sea 1 
Due t o   f a t i g u e   i n   j o i n t ,  "- 
t u b e ,  bellows or end 
member; stress corrosion,  
mass t r a n s f e r  or plasma 
e r o s i o n ,  i n s t a b i l i t y  of 
b raze  a l loy  
S t a t o r  s h o r t s  
Loss of assembly 
s t r u c t u r a l  
i n t e g r i t y  
Allows rub "_ Loss of system 
Seal I D  s h o r t s  
with conductive 
f i l m  
Due to  excess ive  
potassium 
Increased 
l o s s e s  
Increased  thermal Loss of system 
stress on bore 
sea 1 
F r e t t i n g  wear Contact w i  t h  
s t a t o r  or ro tor  
Loss of hermetic S h o r t e n  l i f e  or 
seal l o s s  of system 
9-r 
0 
m m 
0 
al 
w 
TI 
rl 
9-r 
al 
.rl 
rl 
w 
al 
.rl 
rl 
E:% a l o  
c, 
o m  k m  
arl  d o  
+.' 
k 
0 
FR c 
0 
F: E: 
0 (d 
k 
al 
b 
of 
.!A 
k a 
k E :  a o  
0 
E: E: 
0 
0 
"
0 
E: 
a l a l  
7 4  
' b  
n o  
8 
al 
c, 
al 
9-1 
0 
rl 
0 
0 
0 
c .rl 
103 
k 
0 
c, 
7 
c, 
a 
7 
0 
m 
al 
0 
7 a 
2 
7 
+ a 
0 
7 
a 
al 
0 
k oc, 
a a  7 
a lc ,  
0 7  
7 0  a 
$3 
c, 
I 
c, 
a 
0 
7 
a 7 
0 
e 
0 
c, 
0 
k 
d m 
0 
k 
c, 
ld 
c, m 
m 
m 
2 k 
0 
8 
d 
3 
7 
0 
w o m  a 
m a l  
s " P  
a -ri 
P 
4 
(d 
0 
d 
0 0  
k l d  
. .  
rl rl 
ld 
0 
h 
c, 
104 
G e t  
a 0  
U 
G e t  a l o  + 
o m  k m  
cod 
s o  
F: 
0 
a !=a 
m 
a 
S d  
(d 
k 
0 
la 
(d 
P 
al 
bn 
+ O d  
0 
0 + 
0 9-10 
d 
0 
105 
There are severa l  minor  deve lopments  to  be r e s o l v e d  i n  the s t a t o r  
des ign  bu t  t hey  are amendab le  to  r e so lu t ion  du r ing  f ab r i ca t ion  of f i r s t  
s t a t o r .  
(1) 
They i n c l u d e  : 
development of t he  bonding of the  6 6 0 5  cool ing  mani fo lds  
t o  the Hiperco-27 magnetic frame, 
development of the  d e t a i l  p r o c e s s  t e c h n i q u e s  f o r  e v e n  
(0.0004 2 *oooo 2 i n c h e s   t h i c k )   a p p l i c a t i o n  of t h e   i n t e r -  
laminar  plasma-sprayed insulat ion,  
development of the  f a b r i c a t i o n  t e c h n i q u e s  f o r  electrical  
c o i l  windkng wi th  pre-baked Anadur insulation, and 
development of t h e  bonding of t h e  electrical  w i n d i n g  j o i n t s  
a t  t h e  bus  r i n g s  and terminals .  
r o t o r  electrical and  mechanica l  des ign  can  a l so  be assumed t o  
be r e l a t i v e l y  f i x e d  a t  t h i s  s t a g e .  The only  change  that   might  be 
a n t i c i p a t e d  is  i f  H-11 s t a b i l i t y  tests i n d i c a t e  l o n g  term decay of 
m a g n e t i c  p r o p e r t i e s  l e a d i n g  t o  a reduced  ra t ing  o r  a r e q u i r e d  i n c r e a s e  
i n  t h e  r o t o r  (and a l t e r n a t o r )  s i z e .  
The bore seal assembly i s  the most under-developed of t h e  three 
major electrical  subassembly  components. A s  i n d i c a t e d  i n  t h e  r e p o r t ,  
the  bore  seal assembly or "bore seal" must be a coord ina ted  des ign  of 
a l l  t h e  cr i t ical  components. These i n c l u d e  the alumina  body,  the 
ceramic t o  metal j o i n t ,  t h e  b i m e t a l l i c  t r a n s i t i o n  j o i n t  a s s e m b l y  a n d  
t h e   r e f r a c t o r y -   t o - r e f   r a c t o r y -  and steel- t o - s t e e l  seal welds a t  
assembly. The most  development i s  r e q u i r e d  on the ceramic to metal 
j o i n t  and  on  the  b ime ta l l i c  j o in t .  Such a development  program  must 
be  gea red  a round  the  spec i f i c  KTA a l t e r n a t o r  r e q u i r e m e n t s  a n d  be based 
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o n  t h e  a c t u a l  KTA dimensions,  stresses, s t r a i n s ,  c o e f f i c i e n t s  of 
expansion,  material p r o p e r t i e s ,  etc. I t  w i l l  r e q u i r e   c l o s e   c o o r d i n a t i o n  
of t h e  KTA des ign  wi th  the  materials and process development programs to 
a r r i v e  a t  a s u c c e s s f u l  c o n f i g u r a t i o n  t h e  f i r s t  time i t  i s  assembled and 
t e s t e d .  The bore seal assembly must  be  put  through a very  comprehensive 
a n a l y s i s  a n d  test program s imula t ing  the  var ie ty  of  condi t ions  the  
a l t e r n a t o r  w i l l  see p r i o r  t o  r i s k i n g  t h e  a s s e m b l y  i n  a n  a c t u a l  test 
a l t e r n a t o r .  
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3. TURBINE FLUID DESIGN 
3.1  TURBINE  DESIGN STUDIES 
According t o  t h e  Work S t a t e m e n t ,  t h e  P h a s e  I1 t u r b i n e  d e s i g n  was 
t o  c o n s i s t  o f  a s i x  s t a g e  h i g h - p r e s s u r e  t u r b i n e  a n d  a mul t i - s t age  low 
p r e s s u r e   t u r b i n e   w i t h  a v o r t e x   s e p a r a t o r   b e t w e e n   t h e  two t u r b i n e s .   I n  
a d d i t i o n ,  i n t e r s t a g e  m o i s t u r e  e x t r a c t i o n  was t o  b e  p r o v i d e d  i n  t h e  n e x t  
t o  t h e  l a s t  stage o f   t h e   l o w   p r e s s u r e   t u r b i n e .  Shown i n  T a b l e  3.1-1 
a re  t h e   d e s i g n   c o n d i t i o n s   f o r   t h e   P h a s e  I1 t u r b i n e .  The  flow ra te  h a s  
been  r educed  f rom 2 .51  lb / sec  in  Phase  I t o  2.05 l b / s e c  i n  P h a s e  11. 
I n  a d d i t i o n ,  t h e  e x i t  p r e s s u r e  h a s  b e e n  l o w e r e d  f r o m  7.8 p s i a  t o  5 . 4 4  
p s i a .  
I n  a r r i v i n g  a t  t h e  f i n a l  d e s i g n  f o r  t h e  P h a s e  I1  t u r b i n e ,  a number 
o f  f l u i d  d y n a m i c  d e s i g n s  o f  t u r b i n e s  were cons idered  f rom which  the  
f i n a l   d e s i g n  was c h o s e n .   I n i t i a l l y ,  two s i x  s t a g e   h i g h   p r e s s u r e   t u r -  
b i n e s  were des igned  wi th  h igh  and  wi th  modera t e  load ings .  The  non- 
d i m e n s i o n a l  l o a d i n g s  f o r  t h e  h i g h l y  l o a d e d  t u r b i n e s  v a r i e d  f r o m  1.75 
t o  1.95 f o r   e a c h   s t a g e .   I n   t h e   m o d e r a t e l y   l o a d e d   t u r b i n e ,   t h e   s t a g e  
non-d imens iona l  l oad ing  va r i ed  f rom 1.5 t o  1.53. 
I n  t h e  d e s i g n  s t u d y ,  e a c h  o f  t h e s e  h i g h - p r e s s u r e  t u r b i n e s  w a s  com- 
b i n e d  w i t h  a f o u r ,  f i v e  a n d  a s i x  s t a g e  l o w  p r e s s u r e  t u r b i n e .  
T h e  v a r i a t i o n  i n  t u r b i n e  e f f i c i e n c y  w i t h  t h e  number o f  stages for 
t h e  t w o  t u r b i n e   f a m i l i e s  is shown i n  F i g u r e  3.1-1. The  moderately 
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TABLE 3.1-1 
DES1 GN CONDITIONS 
S I X  STAGE  HIGH  PRESSURE  TURBINE 
ROTATIVE  SPEED 19200 RPM 
FLOW RATE 2.05 LB/SEC 
INLET  CONDITIONS 2100°F & 165 P S I A  
EXIT  CONDITIONS 1220°F & 5.44 P S I A  
CONDENSATE REMOVAL 
BETWEEN HIGH  PRESSURE AND LOW PRESSURE  TURBINES 
NEXT  TO LAST STAGE I N  LOW PRESSURE  TURBINE 
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F i g u r e  3.1-1. E f f e c t  of  Number o f  S tages   and   S tage   Load ing   on   E f f i c i ency .  
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l oaded  s i x  s t a g e  h i g h  p r e s s u r e  t u r b i n e  d e s i g n  f a m i l y  h a s  a n  e f f i c i e n c y  
above 83 p e r c e n t  w i t h  11 s tages  and  a lmost  84  percent  for 12  stages. 
E x c e p t  f o r  t h e  t e n - s t a g e  d e s i g n ,  t h e  h e a v i l y  l o a d e d  s i x  s t age  h igh -  
p r e s s u r e  f a m i l i e s  are about  1 p e r c e n t a g e  p o i n t  l o w e r  i n  t u r b i n e  e f f i -  
c iency.  A t  t h e  p r e s e n t  time, t h e r e  are no data  which  would  guarantee 
t h a t  a g iven  des ign  of  a tu rb ine  wou ld  wi ths t and  e ros ion  by potassium 
d r o p l e t s .  An a t t e m p t  t o  o b t a i n  t h i s  i n f o r m a t i o n  is  be ing  made on   the  
three-s tage  potass ium test  turbine program under  Contract  NAS3-10606. 
I t  was t h e r e f o r e  f e l t  t h a t  i f  t u r b i n e  d e s i g n s  c o u l d  b e  made s u c h  t h a t  
t h e  maximum t i p  s p e e d  a n d  t h e  maximum amount  of mo i s tu re  en te r ing  any  
s t a g e  were e q u a l  t o  or less t h a n  t h e  v a l u e s  p r o j e c t e d  f o r  t h e  t h r e e -  
s t age  po ta s s ium test t u r b i n e ,  t h e n  when test d a t a  was o b t a i n e d  o n  t h e  
endurance  o f  t h i s  t u rb ine  in  po ta s s ium vapor  the  data would  be d i r e c t l y  
a p p l i c a b l e  t o  t h e  KTA t u r b i n e .  The maximum t i p  s p e e d  a n d  m o i s t u r e  
q u a n t i t y  a t  s t a g e  i n l e t  f o r  t h e  t h r e e - s t a g e  p o t a s s i u m  tes t  t u r b i n e  are 
about   850  f t /sec  and g05% mois tu re ,   r e spec t ive ly .  Thus, a l l  t h e   t u r b i n e  
d e s i g n s  e x e c u t e d  i n  o r d e r  t o  select  t h e  f i n a l  KTA des ign  were l i m i t e d  
i n  t i p  s p e e d  t o  850 f t / s e c .  I t  is i n s t r u c t i v e  now t o  see what t h e  
moi s tu re  con ten t  was i n  t h e  s t a g e s  o f  t h e  t u r b i n e s  in t h e  two f a m i l i e s ,  
one having a h igh ly  loaded  h igh -p res su re  tu rb ine  and  the  o the r  hav ing  
the   modera te ly   loaded  s i x  stage h i g h - p r e s s u r e  t u r b i n e .  I n  t h e  t u r b i n e  
des igns ,  i t  was c o n s e r v a t i v e l y  e s t i m a t e d  t h a t  t h e  v o r t e x  s e p a r a t o r  
be tween spools  would  have  an  e f fec t iveness  of  80 pe rcen t  and  the  
i n t e r s t a g e  e x t r a c t i o n  d e v i c e  a n  e f f e c t i v e n e s s  of 25 pe rcen t .  
Shown i n  F i g u r e  3.1-2 is a v a r i a t i o n  o f  s t a g e  i n l e t  m o i s t u r e  
f r a c t i o n  w i t h  stage number fo r  t u rb ines  wi th  modera t e ly  loaded  h igh  
p r e s s u r e   t u r b i n e .  For r e fe rence ,   t he   t h ree - s t age   t u rb ine   condensa te  
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Figure 3.1-2. Turb ine  Mois ture  Dis t r ibut ion.   Moderate ly  Loaded H.P. Turbine. 
l e v e l  is shown  by dashed   l i ne .  I t  is  s e e n  t h a t  f o r  b o t h  t h e  5- and 
6 - s t a g e  l o w - p r e s s u r e  t u r b i n e s ,  t h e  m o i s t u r e  i n t o  stage ten would 
exceed   t he  9.5 pe rcen t .  On t h e  o t h e r  hand, t h e   m o i s t u r e   g e n e r a t e d  
b e f o r e  t h e  v o r t e x  s e p a r a t o r  is only   about  7.5 p e r c e n t .  Shown on 
F igure  3.1-3 is t h e  same v a r i a t i o n  f o r  t h e  t u r b i n e  f a m i l y  i n  w h i c h  
t h e   h i g h - p r e s s u r e   t u r b i n e  was heavi ly   loaded .  On t h i s   d e s i g n   f a m i l y  
a l so ,  t he  moi s tu re  en te r ing  s t age  t en  exceeds  the  va lue  o f  t he  th ree -  
s t a g e   t u r b i n e   c o n d e n s a t e   l e v e l .   T h i s   o c c u r s   i n   s p i t e   o f   t h e   f a c t   t h a t  
t h e  m o i s t u r e  a t  t h e  e x i t  o f  t h e  s i x - s t a g e  t u r b i n e  is  abou t  10  pe rcen t .  
Shown i n  F i g u r e  3 . 1 - 4  is t h e  e f f e c t  o f  p u t t i n g  two i n t e r s t a g e  e x t r a c -  
t i o n  d e v i c e s  i n  t h e  t u r b i n e  w i t h  t h e  m o d e r a t e l y  l o a d e d ,  h i g h - p r e s s u r e  
tu rb ine   and   f i ve - s t age   l ow-pres su re   t u rb ine .  I t  is s e e n   t h a t   w i t h  
two e x t r a c t i o n  s t a g e s  t h e  c o n d e n s a t e  l e v e l  c a n  be kept below the 
t h r e e - s t a g e   c o n d e n s a t e   l e v e l .  Shown i n   F i g u r e  3.1-5 is a v a r i a t i o n  
o f  i n l e t  m o i s t u r e  f r a c t i o n  w i t h  t h e  s t a g e  number of  a heavi ly  loaded ,  
h i g h - p r e s s u r e   t u r b i n e   w i t h   s i x   s t a g e s .   I n   t h i s   t u r b i n e ,  a s i n g l e  
i n t e r s t a g e  e x t r a c t i o n  device keeps the condensate  level  below the 
th ree - s t age   condensa te   l eve l   va lue .  However, t h e   e f f i c i e n c y  of t h i s  
t u r b i n e  is  only 81.9 percent  compared with 83.2 percent  f o r  t h e  
turb ine   wi th   the   modera te ly   loaded ,   h igh-pressure   tu rb ine .  Shown i n  
Figure 3.1-6 is t h e  v a r i a t i o n  i n  t u r b i n e  e f f i c i e n c y  w i t h  t h e  number 
o f  s t a g e s  f o r  t u r b i n e s  w i t h  o n l y  o n e  l o w - p r e s s u r e  t u r b i n e  e x t r a c t i o n  
stage. The t u r b i n e s  r e p r e s e n t e d  i n  t h i s  f i g u r e  a l l  have a fou r - s t age  
low-pressure  turb ine  and  have  h igh-pressure  turb ines  which  resu l t  i n  
a n e e d   f o r   o n l y   o n e   l o w - p r e s s u r e   t u r b i n e   e x t r a c t i o n   s t a g e .  I t  i s  s e e n  
tha t  each  add i t iona l  s t age  adds  approx ima te ly  1 p e r c e n t a g e  p o i n t  t o  
t h e   t u r b i n e   e f f i c i e n c y .  For t h e  f i n a l  d e s i g n  of t h e  KTA t u r b i n e ,   t h e  
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F i g u r e  3.1-6. E f f i c i e n c y   V a r i a t i o n   W i t h  One L.P. E x t r a c t i o n   S t a g e .  
118 
e l e v e n  stage t u r b i n e  was selected. T h e  r e a s o n  f o r  n o t  s e l e c t i n g  t h e  
twe lve - s t age  tu rb ine  is t h a t  i t  would mean ove rhang ing  e igh t  s t ages  
in  the  h igh -p res su re  tu rb ine .  The  ove rhang ing  of s e v e n  s t a g e s  i n  t h e  
h i g h  p r e s s u r e  t u r b i n e ,  r e s u l t i n g  i n  a n  e l e v e n - s t a g e  t u r b i n e ,  g a v e  a n  
overhung mass moment approximate ly  equal  to  the  overhung mass moment 
of t h e  t h r e e - s t a g e  t u r b i n e  w h i c h  o p e r a t e s  w i t h o u t  v i b r a t i o n a l  d i f f i -  
c u l t i e s .  
Shown i n  F i g u r e  3 . 1 - 7  is t h e  v a r i a t i o n  of i n l e t  m o i s t u r e  f r a c t i o n  
w i t h  t h e  s t a g e  number f o r  t h e  s e l e c t e d  P h a s e  I1 potass ium turb ine .  
T h i s  t u r b i n e  h a s  s e v e n  o v e r h u n g  s t a g e s  i n  t h e  h i g h - p r e s s u r e  t u r b i n e  
a n d  f o u r  s t a g e s  i n  t h e  l o w - p r e s s u r e  t u r b i n e  w i t h  a s i n g l e  i n t e r s t a g e  
e x t r a c t i o n  d e v i c e  o n  t h e  l o w - p r e s s u r e  t u r b i n e .  A s  can   be   seen   on   the  
f i g u r e ,  t h e  m o i s t u r e  e n t e r i n g  t h e  s e v e n t h  s t a g e  is s l i g h t l y  o v e r  e i g h t  
p e r c e n t  a n d  t h e  m o i s t u r e  e n t e r i n g  t h e  t e n t h  s t a g e  is approximately 
9-1/2  percent .   This   turbine,   then,   combines a h i g h   e f f i c i e n c y   o f  
82 .9  pe rcen t  w i th  the  r equ i r emen t  for a s i n g l e  i n t e r s t a g e  e x t r a c t i o n  
d e v i c e  g i v i n g  a n  a c c e p t a b l e  s o l u t i o n  for t h e  KTA t u r b i n e .  
3.2 SELECTED  TURBINE  DESIGN 
The s e l e c t e d  KTA t u r b i n e  d e s i g n  f o r  the  Phase  I1 i s  comprised of 
a seven-s tage  modera te ly  loaded ,  h igh-pressure  turb ine  and  a four -  
s t age   modera t e ly   l oaded   l ow-pres su re   t u rb ine .   In t e r spoo l   condensa te  
r e m o v a l  w i t h  a n  e f f e c t i v e n e s s  o f  80 p e r c e n t  is provided between the 
h i g h -   a n d   l o w - p r e s s u r e   t u r b i n e .   I n   a d d i t i o n ,   i n t e r s t a g e   m o i s t u r e  
e x t r a c t i o n  o n  t h e  t e n t h  s t a g e  is p rov ided  to  keep  the  moi s tu re  con ten t  
e n t e r i n g  a n y  stage below 9.5 p e r c e n t .  
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Figure 3.1-7. Turbine  Condensate Buildup - 7 Stage H.P. Turbine + 4 Stage L.P. Turbine. 
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Shown i n  F i g u r e  3 . 2 - 1  is  the  Mol l ie r  d iagram for  po tass ium wi th  
t h e  s t a t e  l i n e  f o r  t h e  p o t a s s i u m  t u r b o a l t e r n a t o r  t u r b i n e  s u p e r i m p o s e d .  
Shown i n  Figure 3.2-2 are drawings of the high- and low-pressure 
t u r b i n e s .  The po ta s s ium  vapor   en t e r s   t he   h igh -p res su re   t u rb ine  a t  
2100'F  and a t  a p r e s s u r e  o f  1 6 5  p s i a .  The potass ium leaves  the  h igh-  
p r e s s u r e  t u r b i n e  a t  a temperature  of  1570'F  and a p r e s s u r e  of 33.7 
p s i a .  The   abso lu t e   ve loc i ty  a t  t h e  e x i t  t o  t h e  h i g h - p r e s s u r e  t u r b i n e  
is 278   f t / s ec .   The   h igh -p res su re   t u rb ine   has  a veloci ty-diagram 
e f f i c i e n c y  of 85.3 pe rcen t ,  wh ich  exc ludes  any  lo s ses  due  to  the  
presence  of   moisture   and  bear ings o r  seals. The a x i a l  t h r u s t  o f  t h e  
h i g h - p r e s s u r e  t u r b i n e  a f t  is 1969 l b s .  
The vapor flows from the high-pressure turbine through a vo r t ex  
s e p a r a t o r ,  n o t  shown, i n t o  t h e  a f t  end  of the low-pressure   tu rb ine .  
I t  t hen  f lows  in  the  oppos i t e  d i r ec t ion  and  d i scha rges  be tween  the  
high-   and  low-pressure  turbines .  The vapor   en t e r s   t he  low p r e s s u r e  
t u r b i n e  a t  a temperature   of  1560°F and a p r e s s u r e  of 32.2 p s i a .  T h i s  
pressure  drop  of  1.5 p s i  is  used up i n  d u c t s  and s c r o l l s  and i n  t h e  
v o r t e x   s e p a r a t o r .  The vapor leaves the   l ow-pres su re   t u rb ine  a t  a 
temperature  of 1220'F and a p res su re  o f  5 .44  ps i a .  The  ve loc i ty  a t  
t h i s  p o i n t  is  412 f t / s e c .  The v e l o c i t y  d i a g r a m  e f f i c i e n c y  of t h e  low- 
p r e s s u r e  t u r b i n e  is 89 .1  percent  and  the  thrus t  load  forward  is 752 
lbs .  These two tu rb ines   combine   i n   g iv ing  a b l a d i n g  e f f i c i e n c y  o f  t h e  
e n t i r e  t u r b i n e  o f  8 2  p e r c e n t ,  w h i c h  i n c l u d e s  a l l  l o s s e s  e x c e p t  
p a r a s i t i c  l o s s e s ,  i n c l u d i n g  b e a r i n g s  a n d  seals. 
Shown i n  F i g u r e  3 . 2 - 3  are t h e  t u r b i n e  d e s i g n  p a r a m e t e r s  o n  a 
s t a g e - t o - s t a g e  b a s i s  w h i c h  d e f i n e  t h e  s e l e c t e d  KTA tu rb ine  des ign .  
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Figure 3.2-3. Turbine Design Parameters. 
For t h e  d e s i g n  of t h i s  t u r b i n e ,  s u p e r s a t u r a t e d  e x p a n s i o n s  were assumed 
f o r   t h e   f i r s t  two stages w i t h  r e v e r s i o n  t o  e q u i l i b r i u m  c o n d i t i o n s  a f t e r  
the   second  ro tor .   Equi l ibr ium  expans ions  were assumed f o r  a l l  t h e   o t h e r  
s tages ,  which  were i n  t h e  w e t  region,  and the condensed moisture  loss 
was c a l c u l a t e d  as a f u n c t i o n  o f  t h e  v a p o r  q u a l i t y  a t  each  s t age .  Th i s  
des ign  ca lcu la t ion  model  which  w a s  used for  t h e  f i n a l  d e s i g n  i s  d i f f e r e n t  
f rom the one used for  Phase I and r e f l ec t s  improvemen t s  made from the 
e v a l u a t i o n  of t he  th ree  s t age  po ta s s ium vapor  tu rb ine  unde r  Con t rac t  
NAS3-10606. Shown i n  F i g u r e  3.2-4 are t h e  v a r i a t i o n s  of t h e   t u r b i n e  
d e s i g n  c h a r a c t e r i s t i c s  w h i c h  r e s u l t  f r o m  the  i n p u t  v a l u e s  shown on the 
p r e v i o u s  c h a r t .  S t a r t i n g  i n  t h e  upper l e f t  hand corner   and  reading 
a c r o s s ,  there i s  t h e  r o t o r  hub t u r n i n g   a n g l e .  As i n  Phase I t h i s  a n g l e  
was l i m i t e d  t o  130 because  experience  has  shown t h a t  t he   expres s ions  
f o r  l o s s  v a l u e s  u s e d  i n  t u r b i n e  d e s i g n  t e n d  t o  b r e a k  down  when t h i s  r u l e  
i s  exceeded. The hub   r eac t ion  i s  shown next ,   and i s  l i m i t e d  by z e r o  
r e a c t i o n  a t  t h e  hub s i n c e  a t  n e g a t i v e  v a l u e s  o f  t h e  r e a c t i o n ,  e f f i c i e n c y  
of a s t a g e   d e v r e a s e s   r a p i d l y .  I t  i s  s e e n   t h a t   o n l y   i n  the  l a s t  s t a g e  
w a s  t h e   l i m i t i n g   v a l u e   r e q u i r e d .   T h i s  i s  because of the   h igh  volume 
f low requ i r ing  tha t  t he  hub  speed  be ve ry  much lower  than  the  t ip  speed .  
The i n l e t  v a p o r  q u a l i t y  i s  shown in  the  nex t  g raph ,  fo l lowed  by t h e  t i p  
speed. Here a g a i n  i t  is  seen  tha t  on ly  on  the  l as t  s t a g e  was the  maximum 
t i p  speed of 850 f t / s e c  r e q u i r e d .  The r o t o r  e x i t  swirl ang le  i s  shown 
next and i t  is  s e e n  t h a t  i t  never  exceeded 10 degrees i n  t h e  p l u s  or 
minus   d i r ec t ion .  The blade h e i g h t  w a s  considerably  below 0.5 i nch .   Th i s  
was brought  about  by t h e  r e d u c t i o n  i n  mass f low,  f rom 2.51 lbs/sec i n  
Phase I t o  2.05 lbs/sec i n  Phase 11. As can  be  inferred  f rom  the  hub 
r e a c t i o n  a t  t h e  t o p  o f  t h e  f i g u r e ,  a l l  t h e  stages have a large amount 
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o f  r e a c t i o n  a t  t h e  p i t c h  l i n e .  Thus, i n  t h e  p l o t  of  speed - j e t  r a t i o  
i t  i s  seen  tha t  t he  va lues  exceed  0.5 f o r  m o s t  s t a g e s .  S t a g e  e f f i c i e n c y  
i s  shown i n  t h e  f i n a l  g r a p h  as a f u n c t i o n  o f  t h e  s t a g e  number. 
I n  t h e  e v a l u a t i o n  o f  t h e  v a r i o u s  d e s i g n s ,  t h e  b l a d i n g  l o s s e s  were 
i n  t h r e e  c a t e g o r i e s ,  n a m e l y ,  p r o f i l e  l o s s ,  s e c o n d a r y  f l o w  loss, and 
t i p  c l e a r a n c e  l o s s .  The d i s t r i b u t i o n  of t h e s e  losses i n  t h e  selected 
d e s i g n  i s  shown in  F igu re  3 .2 -5  as a f u n c t i o n  o f  s t a g e  number. It  i s  
s e e n  t h a t  i n  t h e  e a r l y  s t a g e s ,  t h e  t i p  c l e a r a n c e  l o s s  i s  s i g n i f i c a n t  
because of the small  blade he igh t  and  a l so  the  secondary  f low los s  i s  
s i z e a b l e  d u e  t o  t h e  a d v e r s e  a s p e c t  r a t i o  e f f e c t s .  Shown i n   T a b l e   3 . 2 - 1  
a r e  a d d i t i o n a l  f l u i d  dynamic  losses  which were cons idered .  They inc lude  
t h e  l o s s  i n  t h e  c ros s -ove r  duc t  i n t e r s t age  r emova l  dev ice  and  the  ex i t .  
T u r b i n e   p a r a s i t i c   l o s s e s   a r e  shown i n   T a b l e   3 . 2 - 2 .   S i g n i f i c a n t   l o s s e s  
which were no t  eva lua ted  in  Phase  I have been added t o  t h e  l ist  f o r  
Phase 11, a n d  t h e y  a r e  t h e  r e a s o n  t h a t  t h e  p a r a s i t i c  l o s s e s  i n  P h a s e  
I1 a r e   l a r g e r   t h a n   t h o s e   i n   P h a s e  I .  The m o s t  s i g n i f i c a n t  of t h e s e  i s  
the  l i q u i d  d r a g  l o s s  which  amounts  to 13 k i l o w a t t s .  T h i s  d r a g  l o s s  i s  
pr imar i ly  due  to  the  exposed  sur faces  of t h e  t h r u s t  b e a r i n g  i n  t h e  
tu rb ine ,  bu t  a l so  inc ludes  lo s ses  f rom o the r  exposed  po r t ions  o f  t he  
s h a f t  where t h e  s h a f t  i s  immersed i n  l i q u i d  metal. 
Shown in  Tab le  3 .2 -3  are s e v e r a l  e f f i c i e n c y  v a l u e s  a s s o c i a t e d  
wi th   t he   t u rb ine .  The v e l o c i t y   d i a g r a m   e f f i c i e n c y  i s  91.7  percent .  
T h i s  e f f i c i e n c y  was c a l c u l a t e d  o n l y  t a k i n g  i n t o  a c c o u n t  t h e  p r o f i l e  
l o s s ,   s econda ry   f l ow  lo s s ,   and   t he   t i p   c l ea rance  loss. When t h e  
condensa te   losses   and   the   condensa te   removal   losses  are s u b t r a c t e d ,  t h e  
b l a d i n g  e f f i c i e n c y  becomes   82   percent .   F ina l ly ,  when t h e  p a r a s i t i c  
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TABLE 3 2- 1 
ADDITIONAL  FLUID DYNAMIC LOSSES 
CROSS  OVER DUCT 
PRESSURE  DROP, PSI 
VORTEX SEPARATOR 
E F F E C T I  VENESS, % 
VAPOR BLEED, % 
INTERSTAGE REMOVAL (TENTH  STAGE) 
EFFECTI  VENESS, % 
VAPOR BLEED , % * 
EX1  T 
TOTAL  PRESSURE LOSS, % 
E X I T  DYNAMIC  HEAD 
* 
LISTED  WITH  PARASITIC  LOSSES 
80 
0.5 
25 
1 .o 
50 
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TABLE 3.2- 2 
TURBINE  PARASITIC-   LOSSES -~ 
LABYRINTH SEAL LEAKAGE, KW 
JOURNAL  BEARING, KW 
THRUST  BEARING, KW 
SCREW SEAL, KW 
INTERSTAGE  MOISTURE  XTRACTION, Kw 
CASING HEAT LOSS, KW 
L I Q U I D  DRAG LOSS, KW 
TOTAL  PARASITIC LOSS, KW 
I - 
8.9 
5.2 
8.1 
1 .o 
- 
23.2 
6.5 
5.6 
10 .3  
0.5 
0.5 
0.2 
13.0 -
36.6 
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TABLE  3 2- 3 
TURBINE  EFFICIENCY 
VELOCITY  DIAGRAM EFFICIENCY 
CONDENSATE LOSSES, KW 
CONDENSATE REMOVAL LOSSES, KW 
BLADING  EFFICIENCY 
PARASITIC LOSSES, KW 
SHAFT EFFICIENCY 
91.7 -
35. 
22. 
-
-
82.0 -
36.6 -
75.8 -
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losses are sub t r ac t ed ,  wh ich  inc lude  the  bea r ing  and  seal l o s s e s  a n d  
t h e  h e a t  loss f r o m  t h e  c a s i n g ,  s h a f t  e f f i c i e n c y  becomes 75.8 p e r c e n t .  
Shown i n  F i g u r e  3.2-6 is t h e  v a r i a t i o n  i n  t u r b i n e  e f f i c i e n c y  w i t h  
t i p  c l e a r a n c e .  I n  t h e  m e c h a n i c a l  d e s i g n  o f  t h e  P h a s e  I1 KTA t u r b i n e  
t h e  t i p  r a d i a l  c l e a r a n c e s  were s i z e d  s u c h  t h a t  a t  the  end  o f  t h ree  
years   they  would a l l  be  t en  m i l s .  Because  of  the  h igh  c reep  rate on 
t h e  f i r s t  two s t a g e s ,  t h e  t i p  c l e a r a n c e  is s i g n i f i c a n t l y  b i g g e r  t h a n  
t e n  mils when t h e  t u r b i n e  is f i r s t  s t a r t e d .  However, as shown i n  t h e  
f i g u r e ,  t h i s  i n i t i a l ' e f f i c i e n c y  is i n s i g n i f i c a n t l y  b e l o w  t h e  e f f i c i e n c y  
a f t e r  two yea r s .  
3 . 3  SCROLLS AND DUCTS 
I t  was e s t a b l i s h e d  i n  P h a s e  I t h a t  a r e a s o n a b l e  v e l o c i t y  i n  
t h e   d u c t s   a n d   s c r o l l s  was approximately 250 f t / s e c .   T h e r e f o r e ,   t h a t  
v e l o c i t y  w a s  u s e d  i n  a l l  d u c t  a n d  s c r o l l  s i z i n g .  Shown i n  F i g u r e  3.3-1 
i s  a model  which was made i n  o r d e r  t o  d e m o n s t r a t e  w h a t  s c r o l l i n g  a n d  
duc t ing   would   be   necessary   for   the   Phase  I1 KTA t u r b i n e .  The i n l e t  
where  the  f low en te r s  t he  h igh -p res su re  tu rb ine  f rom the  r igh t  is 
hidden by t h e  d u c t  i n  t h e  f o r e g r o u n d .  A t  t h e  e x i t  t o  t h e  h i g h - p r e s s u r e  
turb ine ,   the   f low  annulus  is d iv ided   i n to   fou r   quadran t s .   Each   one   o f  
these  quadrants  gradual ly  changes  i t s  s h a p e  u n t i l  i t  becomes a circle.  
S i n c e  t h e  a b s o l u t e  v e l o c i t y  l e a v i n g  t h e  h i g h - p r e s s u r e  t u r b i n e  is  278 
f t / s ec ,  ve ry  l i t t l e  d i f f u s i o n  is r e q u i r e d  t o  b r i n g  i t  t o  t h e  v e l o c i t y  
o f  250 f t / sec  which  was u s e d  f o r  t h e  d u c t  v e l o c i t y .  A f t e r  t h e  ex i t  
f l o w   r e a c h e s   t h e   c i r c u l a r   c r o s s - s e c t i o n ,   a n   e l b o w  is  provided. The 
f low then  en te r s  t he  vo r t ex  sepa ra to r  where  80 p e r c e n t  o f  t h e  m o i s t u r e  
is removed. After l e a v i n g   t h e   s e p a r a t o r ,   t h e   f l o w   e n t e r s   t h e  low- 
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F i g u r e  3.2-6. E f f e c t  of T i p  C l e a r a n c e  on E f f i c i e n c y .  
133 
Figure 3.3-1.  KTA Turbine  Ducts and Scrolls with Single Inlet and Exit. 
r- 
p r e s s u r e  t u r b i n e  i n  a tangent ia l   manner ,   by   means   o f  a s c r o l l .  The 
f l o w  t h r o u g h  t h e  l o w - p r e s s u r e  t u r b i n e  i s  i n  t h e  o p p o s i t e  d i r e c t i o n  t o  
t h a t   i n   t h e   h i g h - p r e s s u r e   t u r b i ’ n e .  A t  t h e  e x i t  o f  t h e  l o w - p r e s s u r e  
t u r b i n e  t h e  f l o w  a g a i n  e n t e r s  f o u r  q u a d r a n t s .  The f l o w  a t  t h i s  l o c a t i o n  
h a s  a v e l o c i t y  o f  472 ft/sec a n d  t h e r e f o r e  h a s  t o  b e  d i f f u s e d  down t o  a 
value  of  250 f t / s e c .  “he f l o w  t a k e s  a f i r s t  bend a t  f u l l  v e l o c i t y  a n d  
then  i s  d e c e l e r a t e d  i n  a c o n i c a l  d i f f u s e r .  F i n a l l y ,  i t  t a k e s  a second 
bend  br inging  i t  t o   t h e   h o r i z o n t a l   d i r e c t i o n .   F o u r   p i p e s ,  4.8 i n c h e s  
i n  i n s i d e  diameter, t h e n  c o n d u c t  t h e  f l o w  t o  a s i n g l e  o u t l e t  p i p e  w h i c h  
i s  connected   to   the   condenser .  
The m a i n  r e a s o n  f o r  d i v i d i n g  t h e  f l o w  i n t o  f o u r  p a r t s  a s  i t  leaves 
t h e  l o w - p r e s s u r e  t u r b i n e  is  t h e  h igh  volume f low and  t h e  f a c t  t h a t  t he  
f low through the  l o w - p r e s s u r e  t u r b i n e  i s  i n  t h e  o p p o s i t e  d i r e c t i o n  t o  
t h a t  i n  t h e  h i g h  p r e s s u r e  t u r b i n e  so t h a t  t h e  t h r u s t  of the two t u r b i n e s  
t e n d   t o   b a l a n c e   e a c h   o t h e r .  With t h e  c o u n t e r   f l o w   a r r a n g e m e n t ,  i t  i s  
v e r y  d i f f i c u l t  t o  p r o v i d e  e n o u g h  room f o r  t h e  large scro l l  which  would  
be r e q u i r e d  t o  remove  the  f low  f rom the  l o w - p r e s s u r e  t u r b i n e  i n  o n e  
d u c t .  Not o n l y   d o e s   t h e   c o u n t e r f l o w   a r r a n g e m e n t   r e s u l t   i n  the  r e d u c t i o n  
i n  n e t  t h r u s t  o n  t h e  t u r b i n e  s h a f t ,  b u t  i t  a l s o  makes p o s s i b l e  p l a c i n g  
t h e  b e a r i n g s  n e x t  t o  t u r b i n e  s t a g e s  o f  m o d e r a t e  t e m p e r a t u r e .  
An a l t e r n a t e  way t o  d i v i d e  t h e  f l Q w  i n t o  f o u r  p a r t s  t o  remove i t  
f r o m  t h e  t u r b i n e  i s  t o  d u c t  t h e  f l o w  streams i n t o  f o u r  c o n d e n s e r s  
p a r a l l e l  w i t h  t h e  s h a f t  a x i s .  T h i s  a r r a n g e m e n t  i s  shown i n  F i g u r e  3.3-2 
a n d  i n d i c a t e s  t h a t  t h e  l e n g t h  o f  t h e  d u c t s  and the number of  turns  are 
decreased  by  th i s  a r rangement  compared  to  the  a r rangement  shown i n  the 
previous  photograph .  
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Figure 3.3-2. KTA Turbine  with 4 Condensers Attached. 
3.4 INTERSTAGE  CONDENSATE REMOVAL 
Based on steam t u r b i n e  p r a c t i c e  i n  t h e  low p r e s s u r e  s t a g e s  o f  
c e n t r a l - s t a t i o n  power p l a n t s  a n d  i n  a l l  s t a g e s  o f  c e n t r a l  s t a t i o n  
n u c l e a r  power p l a n t s ,  two t y p e s  o f  r o t o r  m o i s t u r e  e x t r a c t i o n  c a n  b e  
c o n s i d e r e d  f o r  t h e  KTA t u r b i n e .  Shown in  F igu re  3 .4 -1  are t h e  two 
c o n c e p t s  a p p l i e d  t o  t h e  t e n t h  s t a g e  o f  t h e  KTA t u r b i n e .  On t h e  l e f t -  
h a n d  s i d e  o f  t h e  f i g u r e  is shown a l ead ing  edge  ex t r ac t ion  dev ice .  In  
t h i s  d e v i c e ,  a l t h o u g h  t h e  r o t o r  b l a d e s  h a v e  a r o t a t i n g  t i p  s h r o u d ,  t h e  
t i p  s h r o u d  is c u t  back some f r a c t i o n  o f  t h e  c h o r d a l  d i s t a n c e  t o  p e r m i t  
m o i s t u r e  c o l l e c t i n g  o n  t h e  b l a d e  s u r f a c e  t o  b e  c e n t r i f u g e d  i n t o  t h e  
r e m o v a l   d e v i c e   r a d i a l l y   a d j a c e n t   t o   t h e   t u r b i n e   b l a d e .  I n  o r d e r   t o  
i m p r o v e  t h e  e f f e c t i v e n e s s  o f  t h e  d e v i c e ,  r a d i a l  f l u t e s  are p l a c e d  i n  
t h e  s u r f a c e  o f  t h e  b l a d e  n e a r  t h e  l e a d i n g  e d g e  so  t h a t  by c a p i l l a r y  
a t t r a c t i o n  t h e  d r o p l e t s  will b e  c a p t u r e d  a n d  c e n t r i f u g e d  t o  t h e  t i p  
a l o n g  t h e  f l u t e s .  The cu t t ing   back   of  the t i p  s h r o u d  r e s u l t s  i n  
i n c r e a s e d  t i p  l o s s e s .  For this reason i t  was d e c i d e d   t o   u s e   t h e  
t r a i l i n g  e d g e  r o t o r  m o i s t u r e  e x t r a c t i o n  d e v i c e  i n  t h e  t h r e e - s t a g e  
potassium tes t  t u r b i n e   ( C o n t r a c t  NAS3-8520). Accordingly,   the  same 
type   of   device  was s e l e c t e d  f o r  t h e  KTA t u r b i n e .  T h i s  is shown i n  
t h e  r i g h t - h a n d  s i d e  o f  t h e  f i g u r e .  W i t h  t h i s  t y p e  o f  d q v i c e ,  t h e  
l i qu id  wh ich  is s t r i p p e d  f r o m  t h e  t r a i l i n g  e d g e s  o f  t h e  s t a t o r  v a n e s  
impinges  upon the  lead ing  edge  of  the  ro tor  b lades  on  the  suc t ion  
sur face  (convex  s ide)  and  here  is q u i c k l y  c e n t r i f u g e d  t o  t h e  r e g i o n  of 
t h e  r o t a t i n g  t i p  s h r o u d .  Vapor d rag   fo rces  are coun ted   on   t o   t r ans -  
p o r t  t h e  l i q u i d  f r o m  t h e  l e a d i n g  e d g e  t o  t h e  t r a i l i n g  e d g e  of t h e  
r o t a t i n g  t i p  s h r o u d  w h e r e  t h e  c e n t r i f u g a l  a c c e l e r a t i o n  is  about 52,000 
G ' s  a n d  t h e  l i q u i d  is  thrown into the removal  device and then withdrawn 
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Figure  3.4-1.   Rotor-Blade  Condensate  Removal.  
t o   t h e   c o n d e n s e r .  The des ign   o f   t he   i n t e r s t age   condensa te   r emova l  
dev ice  for t h e  t e n t h  s t a g e  of t h e  KTA Phase  I1  turb ine  is summarized i n  
Table  3.4- 1. 
3.5 INTERSPOOL  CONDENSATE REMOVAL 
The means for removal of the  condensa te  in  the  vapor  f low l eav ing  
the  h igh -p res su re  tu rb ine  chosen  is  the General  Electric developed 
v o r t e x  s e p a r a t o r ,  as i n d i c a t e d  when d i s c u s s i n g  t h e  d u c t s  a n d  s c r o l l s  
f o r  t h e  s e p a r a t o r s  r e q u i r e d  f o r  e a c h  t u r b i n e .  The r e q u i r e d  s e p a r a t o r  
i s  shown i n  F i g u r e  3.5-1. The f l o w  e n t e r s  f r o m  t h e  l e f t  a n d  l e a v e s  
f r o m   t h e   r i g h t .  The swirl vanes   which   sur round  the   in le t   cen terbody 
c a u s e  t h e  l i q u i d  t o  b e  s l u n g  a g a i n s t  t h e  i n n e r  wall  o f  t h e  s e p a r a t o r .  
To a s s u r e  t h a t  no l i q u i d  w i l l  e n t e r  t h e  c o r e ,  or b e  t a k e n  c l o s e r  t o  
t h e  c e n t e r  o f  t h e  s e p a r a t o r ,  a s h a r p  l i p  is p rov ided  on  the  a f t  end  o f  
t he  fo rward  cen te rbody  to  make c e r t a i n  t h a t  s e p a r a t i o n  o f  t h e  l i q u i d  
occur s .  The   vapor   f l ows   t h rough   t he   s epa ra to r   a t   subs t an t i a l ly   p ipe  
veloci ty ,  namely 250 f t / s e c ,  and a f t e r  t r a v e r s i n g  a c e r t a i n  l e n g t h  o f  
p ipe   r eaches  a m o i s t u r e  e x t r a c t i o n  s l o t .  T h i s  spec ia l ly  c o n t o u r e d   s l o t  
e f fec t ive ly  removes  the  mois ture  f rom the  f low pa th ,  where  i t  can  be 
d i scha rged   t o   t he   condense r .  Downstream o f  t h e  e x t r a c t i o n  s l o t  i s  a 
second centerbody which is provided  wi th  two sets of  deswir l  vanes  to  
remove the swirl i n  t h e  f l o w  w i t h  as small as poss ib l e  p re s su re  d rop .  
Shown in  F igure  3 .5-2  is t y p i c a l  s e p a r a t o r  d e s i g n  d a t a  i n  w h i c h  
t h e  r e q u i r e d  s e p a r a t o r  l e n g t h  is p l o t t e d  a g a i n s t  t h e  minimum d r o p l e t  
d i ame te r  t ha t  can  be  comple t e ly  sepa ra t ed .  Th i s  p lo t  was made f o r  a 
mean l i n e  swirl a n g l e  of approximately 25" and assumes that the drop 
starts its radial   motion  f rom a r a d i u s  r a t i o  o f  0 . 1 .  Shown on t h e  
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TABLE 3 4- 1 
INTERSTAGE  CONDENSATE REMOVAL 
DESIGN.  STAGE 10 
STAGE INLET VAPOR QUALITY 
STAGE EXIT  PRESSURE, PSIA 
STAGE  IXT  EMPERATURE, O F  
T I P   S P E E D ,   F P S  
CENTRIFUGAL  ACCELERATION, G ’ S  
STAGE EX1  T VAPOR QUALITY 
BLEED, % 
0.910 
8.49 
1293 
830 
52,000 
.906 
1.0 
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Figure 3.5-1. KTA Vortex Separator 4 Required. 
INITIAL RADIUS  RATIO = 0.1 
4 UNITS  REQUIRED 
SW I RL ANGLE 
2 5 O  
100 
90 
80 
70 
60 
50 - 
40 
30 
20 
10  
9 .  
8 
7 '  
6 
5 .  
4 
3 .  
2 
1 
DROPLET DIAMETER - MICRONS 
DIAMETER 
2.96 IN. 
2.56 IN. 
2.28 IN. 
Figure 3.5-2. Vor t ex   Sepa ra to r  Lenqth Versus Droplet   Diameter .  
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f i g u r e  are through flow ve loc i t i e s  o f  150 ,  200, and 250 f t/sec. The 
co r re spond ing  d i ame te r s  o f  t he  sepa ra to r s  are shown b e s i d e  t h e  v a l u e s  
of v e l o c i t y .  A s  is w e l l  known,  when t h e  d r o p l e t  s i z e  becomes small, 
t h e  l e n g t h  t o  c a u s e  s e p a r a t i o n  i n c r e a s e s  r a p i d l y ,  a n d  t h i s  is what t h e  
p l o t  shows. I n  o r d e r  t o  e s t a b l i s h  a d e s i g n  for t h e  s e p a r a t o r ,  i t  is 
n e c e s s a r y  t o  e s t a b l i s h  t h e  d r o p  s i z e  f o r  w h i c h  t h e  s e p a r a t o r  m u s t  b e  
designed.  Because of t h e  s u r f a c e  areas p r e s e n t  a t  t h e  ex i t  o f  t h e  
h igh -p res su re  tu rb ine ,  i t  is v e r y  d i f f i c u l t  t o  c a l c u l a t e  t h e  minimum 
drop  s i z e  o r  the   d rop  s ize  d i s t r i b u t i o n  t h a t  c a n  b e  e x p e c t e d .  I t  is 
known from steam p r a c t i c e ,  however, t h a t  t h e  d r o p l e t  s i z e  must  be 
q u i t e  l a r g e ,  o t h e r w i s e  t h e  h i g h  e x t r a c t i o n  e f f e c t i v e n e s s  t h a t  is 
o b t a i n e d  f r o m  s u c h  s e p a r a t o r s  a n d  f o r  t h a t  matter, from i n t e r s t a g e  
e x t r a c t i o n  d e v i c e s ,  would  not  be  possible.  One t h i n g   t h a t   c a n   b e  
considered,  however, is  t h a t  t h e  l i q u i d  p r e s e n t  i n  t h e  v a p o r  f l o w  
l eav ing  the  h igh -p res su re  tu rb ine  may impinge  upon  the swirl vanes as 
i t  d o e s  o n  t h e  s t a t o r  v a n e s  i n  t h e  t u r b i n e ,  a n d  t h e r e  f o r m  l a r g e  
d r o p l e t s .  The maximum s t a b l e  d r o p  s i z e  coming o f f  t h e  swirl vanes 
can  be  es t imated by assuming a Weber number of   15.   This   gives  a maxi- 
mum s t a b l e  d r o p  s i z e  of 47.2 microns .   In   re fe rence   3 .5-1  i t  has  been 
f o u n d  p o s s i b l e  t o  correlate  t h e  d r o p  s i z e  d i s t r i b u t i o n  by p l o t t i n g  t h e  
f r a c t i o n  o f  volume of  drops smaller khan a c e r t a i n  d i a m e t e r  a g a i n s t  
the  drop  diameter .   Such a curve  for t h e  p r e s e n t  s e p a r a t o r  is shown i n  
Figure  3 .5-3.  I t  can   be   s een   f rom  th i s   f i gu re   t ha t   app rox ima te ly   1 .5  
p e r c e n t  o f  t h e  volume  of l i q u i d  h a s  a d r o p  s i z e  smaller t h a n  t e n  
mic rons .   The re fo re ,   i n   t he   des ign   o f   t he   vo r t ex   s epa ra to r  for  t h e  KTA 
t u r b i n e ,  a drop s ize  of   ten  microns was used. Data then   f rom  f igu res  
l i k e  F i g u r e  3 .5 -2  b u t  for  d i f f e r e n t  v a l u e s  of swirl a n g l e  were u t i l i z e d  
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Figure  3 .5 -3 .  Vortex   Separa tor   Drop   S ize   Dis t r ibu t ion .  
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t o  o b t a i n  t h e  v a r i a t i o n  o f  s e p a r a t o r  l e n g t h s  w i t h  swirl angle  and  
through f low ve loc i ty .  S ince  the a b s o l u t e  v e l o c i t y  a t  t h e  ex i t  o f  
t h e  h i g h  p r e s s u r e  t u r b i n e  i s  278 f t/sec, c o n i c a l  d i f f u s e r s  with a n  
i n c l u d e d  a n g l e  o f  10' were as sumed  be tween  the  ex i t  o f  t he  tu rb ine  and  
the i n l e t  t o  t h e  s e p a r a t o r .  The  p res su re  d rop  o f  t hese  con ica l  
d i f f u s e r s  was es t ima ted  f rom re fe rence  3.5-2 a n d  t h e n  i n  F i g u r e  3.5-4 
the o v e r a l l  p r e s s u r e  d r o p  o f  t h e  s e p a r a t o r  was p l o t t e d  a g a i n s t  t h e  
l e n g t h  o f  t h e  d i f f u s e r  p l u s  t h e  s e p a r a t o r .  I t  can  be  seen  f rom the  
f i g u r e  t h a t  t h e  i n c r e a s e  i n  t h e  a x i a l  v e l o c i t y  t h r o u g h  t h e  s e p a r a t o r  
r educes   t he   l eng th   o f   t he   s epa ra to r   p lus   d i f fuse r   marked ly .   A l so ,  it 
c a n  b e  s e e n  t h a t  t h e  d e c r e a s e  i n  t h e  swirl angle markedly decreases 
the  p re s su re  d rop  o f  t he  sepa ra to r  and  d i f fuse r .  The  mos t  des i r ab le  
d e s i g n s  o f  d i f f u s e r s  p l u s  s e p a r a t o r s  are f o u n d  i n  t h e  l o w e r  l e f t  hand 
c o r n e r  o f  t h e  f i g u r e .  No v e l o c i t i e s  o v e r  250 f t / s e c  were considered,  
however,  because a t  some v e l o c i t y ,  as y e t  unknown, the  vapor  t ends  to  
r e - e n t r a i n  t h e  l i q u i d  f l o w i n g  a l o n g  t h e  wall .  To date, the   Genera l  
E l e c t r i c  Company has tested s e p a r a t o r s  o n l y  t o  a v e l o c i t y  o f  260 f t/sec. 
The re fo re ,  i t  was n o t  p o s s i b l e  t o  u s e  h i g h e r  v e l o c i t i e s  i n  t h e  c h o i c e  
o f  t h e  KTA s e p a r a t o r .  The a c t u a l  s e p a r a t o r  s e l e c t e d  h a d  a through 
f low ve loc i ty  o f  250 f t / s e c  a n d  a mean swirl angle  of  25O, r e s p e c t i v e -  
l y .  The d e s i g n  o f  t h e  v o r t e x  s e p a r a t o r  f o r  t h e  KTA t u r b i n e  is  summarized 
i n  T a b l e  3.5-1. The pe rusa l  o f  test  data i n d i c a t e s  t h a t  a n  e f f e c t i v e -  
ness  of  a t  l eas t  80 percen t  can  be o b t a i n e d  w i t h  a bleed flow of no 
more than  0.5 percen t .  
Shown i n  F i g u r e  3.5-5 is t h e  v a r i a t i o n  o f  s e p a r a t o r  c o l l e c t i o n  
e f f i c i e n c y  a g a i n s t  t h e  t h r o u g h  f l o w  v e l o c i t y  i n  t h e  s e p a r a t o r .  T h e s e  
d a t a  were o b t a i n e d  i n  steam tests o f  s e p a r a t o r s  a t . G e n e r a 1  Electric 
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I 
VORTEX SEPARATOR DES1 GN 
(4  U n i t s  R e q u i r e d )  
INLET  PRESSURE,  PSIA 
INLET TEMPERATURE, OF 
INLET FLOW, PPS 
INLET VAPOR QUALITY 
THROUGH FLDW VELOCITY, FPS 
MEAN SWIRI,  ANGLE,  DEG. 
PRESSURE DROP, PSI 
EFFECT1 VENESS 
EXIT VAPOR QUALITY 
BLEED, 7% 
33.7 
1570 
2.05 
0.897 
250 
25 
0.34 
0.8 
0.979 
0.5 
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Figure 3.5-5. Measured Steam Performance o f  Eight-Inch  Diameter  Vortex  Separator. 
Company. A s  can  be seen,  the r e s u l t s  i n d i c a t e  t h a t  e f f e c t i v e n e s s e s  
h ighe r  t han  90  pe rcen t ,  bu t  a lso t h e  b l e e d ' r a t e s  are somewhat h i g h e r  
t h a n  t h e  0.5 p e r c e n t  shown o n  t h e  d e s i g n  summary. 
3.6 SUMMARY OF KTA TURBINE  FLUID  DESIGN 
The  summary o f  t h e  KTA t u r b i n e  f l u i d  d e s i g n  c a n  b e  f o u n d  i n  T a b l e  
3.6-1. The t u r b i n e  h a s  a b l a d i n g  e f f i c i e n c y  of 82 percent   and  produces 
a b l a d i n g  power  of 483 k i l o w a t t s .  The maximum t i p  s p e e d  is 850 f t / s e c  
and a maximum mois tu re   con ten t  a t  s t a g e  i n l e t  is 9 .3   percent .   The  
t u r b i n e  h a s  s e v e n  h i g h  p r e s s u r e  s t a g e s  a n d  f o u r  low p r e s s u r e  s t a g e s .  
I t  has  a condensa te  removal  device  be tween the  h igh  pressure  and  low 
p r e s s u r e  t u r b i n e  w i t h  a n  e f f e c t i v e n e s s  o f  80 percent ,  and i t  has  an  
in t e r s t age  condensa te  r emova l  dev ice  in  the  t en th  s t age  wi th  an  
e f f e c t i v e n e s s  o f  25 p e r c e n t .  
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TABIX 3.6-1 
KTA TURBINE  FLUID  DESIGN SUMMARY 
7 - S T A m   H . P .   T U R B I N E  
POWER T O  SHAFI’ 
VELOCITY DIAGRAM E F F I C I E N C Y  
STAGE I N m T  MAXIMUM CONDENSATE 
INTERSPOOL VORTEX  SEPARATOR ( 4  Eeq ‘ d )  
(10.62 I N .  x 2.28 I N .  I ..D.) 
EFFECTIVENESS 
PRESSURE  DROP 
BLEED VAPOR 
4 - STAGE L.P. TURBINE 
POWER T O  SHAFT 
VELOCITY DIAGRAM EFFICIENCY 
STAGE I N U T  MAXIMUM CONDENSATE 
MAXIMUM T I P  SPEED 
INTERSTAGE CONDENSATE REMOVAL (TENTH STAGE) 
EFFECTIVENESS 
B m E D  VAPOR 
TURBINE 
B U D 1  NG E F F I C I E N C Y  
BLADING POWER 
262. KW 
85.3 % 
8.2 % 
80 % 
0.34 PSI 
0.5 % 
221. KW 
89.1 % 
9.3 % 
850. FPS 
25. % 
1 %  
82. 70 
483. KW 
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4.0 TURBINE  MATERIALS 
4 . 1  MATERIALS  SELECTION 
The s e l e c t i o n  o f  m a t e r i a l s  f o r  t h e  t u r b i n e  h a s  b e e n  b a s e d  u p o n  
i n f o r m a t i o n   f r o m  many sources .   These   i nc lude   mechan ica l   p rope r ty   da t a  
( p r i n c i p a l l y  f r o m  t h e  NASA s p o n s o r e d  c r e e p  p r o g r a m  o n  r e f r a c t o r y  a l l o y s ,  
R e f e r e n c e  4 . 1 - 1 )  b e a r i n g  m a t e r i a l s  p r o p e r t i e s  and behavior  under  vacuum 
and l i q u i d  p o t a s s i u m  c o n d i t i o n s  ( f r o m  t h e  NASA s p o n s o r e d  b e a r i n g  m a t e r i a l s  
program,  Reference  4.1-2,  and f r o m  G e n e r a l  E l e c t r i c  Company l i q u i d  m e t a l  
b e a r i n g  t e s t s )  and (from d i r e c t  Genera l  E l e c t r i c  e x p e r i e n c e )  g e n e r a l  
t e c h n o l o g y  o n  ( 1 )  t h e  f a b r i c a t i o n ,  b r a z i n g ,  and w e l d i n g  o f  r e f r a c t o r y  
a l l o y s ,  (2 )  t h e  a l k a l i  m e t a l  c o r r o s i o n  r e s i s t a n c e  o f  m a t e r i a l s ,  (3) t h e  
p r e p a r a t i o n  and e v a l u a t i o n  o f  b i m e t a l l i c  j o i n t s ,  and (4 )   t he   manufac tu re  
and assembly t o  s u p e r a l l o y  and r e f r a c t o r y  a l l o y  t u r b i n e  c o m p o n e n t s .  
A s  t h e  r e s u l t  o f  P h a s e  I e f f o r t ,  KDTZM was selected f o r  a l l  w h e e l  
a l l o y s  a n d ,  w h e r e  p o s s i b l e ,  f o r  a l l  t o r q u e  t u b e s  and s h a f t  s e c t i o n s .  
A s  w i l l  be   discussed  below,  TZC h a s   b e e n   i n c l u d e d   f o r   t h e  t i e  b o l t .  The 
w e l d a b l e  a l l o y s ,  T-111  and  Cb-lZr,  which were s e l e c t e d  f o r  s t r u c t u r a l  
p a r t s  i n  P h a s e  I, were conf i rmed   i n   Phase  11. The   composi t ions  of t h e s e  
p r i n c i p a l  m a t e r i a l s  a r e  shown i n  T a b l e  4.1-1. 
N o n r o t a t i n g  P a r t s  
The  weldable  a l loys ,  T-111 and  Cb-lZr, were s e l e c t e d  for a l l  
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TABU 4.1-1 
Densit{- A1  loy  lb/in 
Wheel  Allovs: 
L 
TZ C 0.363 
K D T Z M  1175  0.367 
Containment/ 
Structural  Alloys: 
T-111 0.604 
Cb-1Zr  0.31
ALLOY  COMPOSITIONS OF PRINCIPAL  TURBINE  MATERIALS 
Thermal 
Expansion 
(70-2000'F  Composition - Wt % 
Q x  10-6/"F Mo - - Ta Cb - W - - Re - Hf Z r  Ti C - - - 
3.3  Ba 1 
3.3  Bal 
3.9 
4.51 
Ba 1 
- 
- 
Bal 
8 . 0  0 
- - 
0.15  1 2
0.12  610.035 
2.0 - 
- 1.0 
s t r u c t u r a l  n o n r o t a t i n g  p a r t s .  An at tempt  was made t o  u s e  Cb-1Zr whenever 
stress, time, and t e m p e r a t u r e  c o n s i d e r a t i o n s  would p e r m i t ;  a l l  s t a t i c  
components  including ducts ,  nozzle  diaphragms,  and t i p  seals are t o  be 
made of  T-111  from t h e  t u r b i n e  i n l e t  d u c t  t h r o u g h  t h e  o u t l e t  o f  t h e  h i g h -  
pressure   s tage .   Al though a p o r t i o n  o f  t h e  f i r s t - s t a g e  c a s i n g  m i g h t  h a v e  
been made from  Cb-lZr, t h i s  would have required a s p e c i a l  b i m e t a l l i c  
w e l d  j o i n t  between  T-111 and Cb-1Zr a t  t h e  end of the   second  s tage .  Making 
t h i s  w e l d  i n  a heavy sec t ion  of  the  in-process  case  and then  annea l ing  and 
f i n i s h  m a c h i n i n g  t o  s i z e  was  an undes i rab le  approach;  accord ingly ,  T-111 
was s e l e c t e d  f o r  t h e  e n t i r e  c a s i n g  for  the   h igh-pressure   s tage .   Because  
of  high vapor  loads on t h e  n o z z l e s  i n  t h e  h i g h - p r e s s u r e  s t a g e ,  t h e  h o t  
s t r e n g t h   o f  T-111 was needed.   The  nozzles   in   the  high-pressure  s tage and 
t h e   s u b s e a 1   s u r f a c e s  were t o  be  fabr icated  f rom T-111. A l l  o t h e r  s t r u c t u r a l  
nozzle ,  bear ing housing,  duct ing,  and casing  components were t o  be made 
of Cb-1Zr. I t  was i n t e n d e d   t h a t  many o f   t h e s e   n o n r o t a t i n g   p a r t s  be 
machined  from  bar  stock or p l a t e ,  or f a b r i c a t e d  f r o m  s m a l l e r  s e c t i o n  b a r  
s t o c k ,  p l a t e ,  or s h e e t  by r o l l  and w e l d  t echn iques  to  p roduce  the  many d i f f e r -  
e n t   r e q u i r e d   s h a p e s .   S t r e s s   r e l i e f   a n n e a l i n g  of t h e s e  w e l d e d  components 
was in tended  immedia te ly  pr ior  to  f in i sh  machin ing;  for  example ,  the  bear ing  
housing would b e  f a b r i c a t e d  i n  t h i s  manner  from  small and l a r g e  d i a m e t e r  
b a r  s t o c k  and p l a t e  i n t o  a w e l d e d  and machined  assembly. 
The d e s i g n  d a t a  c u r v e s  f o r  t h e  T-111  and Cb-1Zr a l l o y s  were given 
i n  t h e  P h a s e  I p o r t i o n  o f  t h e  r e p o r t .  
R o t a t i n g   P a r t s  
While  weldable  a l loys were cons idered  as  poss ib le  ro ta t ing  components  
i n  P h a s e  I, t h a t  s t u d y  e l i m i n a t e d  them  from cons ide ra t ion  because  of t h e i r  
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lower s t r eng th - to -we igh t  r a t io  as compared to  the  nonweldab le  molybdenum 
a l l o y s .  A t  t he   conc lus ion   o f   Phase  I,  e x t r a p o l a t e d  c r e e p  l i fe  d a t a  on 
KDTZM-1175 i n d i c a t e d  t h a t  tLis a l loy  shou ld  have  a 0.5 pe rcen t  t h ree -yea r  ' 
c r e e p  stress c a p a b i l i t y  s u p e r i o r  t o  TZC a t  t e m p e r a t u r e s  u p  t o  2090OF; 
acco rd ing ly ,  'IZC was dropped  f rom fur ther  cons idera t ion  as  a whee l  ma te r i a l  
and a l l  whee l s  i n  bo th  the  h igh -  and low-pressure stages were t o  be made 
from KDTZM-1175 type  of m a t e r i a l .  T h i s  same al loy  composi t ion  would be 
u s e d  f o r  s h a f t s  and t o r q u e  t u b e s  i n  a n  a t t e m p t  t o  a c h i e v e  s i m i l a r i t y  o f  
m a t e r i a l s  and p r o p e r t i e s  t h r o u g h o u t  t h e  t u r b i n e ;  t h e  t u r b i n e  t i e  b o l t  
would  be made of  ?ZC s i n c e  r e l i a b l e  s t r e n g t h s  h a v e  b e e n  d e v e l o p e d  i n  t h i s  
m a t e r i a l  as  p rope r ly   p rocessed   round   ba r   s tock .   The   r e l i ab i l i t y  of des ign  
d a t a  and t h e  f o r g i n g  of these components w i l l  be  d iscussed  fur ther  be low.  
The m a t e r i a l s  d e s i g n  c u r v e s  f o r  t h e  KDTZM-1175 t y p e  o f  m a t e r i a l  a s  
r ev i sed  a t  t he  beg inn ing  o f  Phase  I1 a r e  shown i n  F i g u r e  4.1-1; t h e  d e s i g n  
cu rves  for TZC were g i v e n  i n  t h e  P h a s e  I s e c t i o n  o f  t h i s  r e p o r t .  
Bearings 
I n  t h e  t u r b i n e ,  w h i c h  h a s  a n  a l l  r e f r a c t o r y  a l l o y  l i q u i d  m e t a l  
l ub r i can t  sys t em and which  opera tes  a t  900°F, a b e a r i n g  and s e a l s  m a t e r i a l s  
system i s  necessary which is  s u f f i c i e n t l y  s t a b l e  so a s  n o t  t o  p e r m i t  t h e  
t r ans fe r  o f  ca rbon  from t h e  b e a r i n g  m a t e r i a l  t o  c o l d e r  p o r t i o n s  o f  t h e  
sys tem  where   adverse   conta inment   mater ia l s   e f fec ts   might  b e  produced.   In  
the bear ing mater ia ls  program, Reference 4.1-2,  Tic  + 10%  columbium h a s  
demons t r a t ed  such  ca rbon  s t ab i l i t y  a t  l lOO°F  well above the intended 
bea r ing  ope ra t ing  t empera tu re ;  i t  h a s  a l s o  e v i d e n c e d  v e r y  s a t i s f a c t o r y  
s l i d i n g  f r i c t i o n  c h a r a c t e r i s t i c s  b o t h  i n  dry vacuum  and u n d e r  l i q u i d  
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potassium. I ts  p r i n c i p a l  d i s a d v a n t a g e  may be a short-range  one  which 
can be overcome  by  manufacturing  experience:  the material has   no t   ye t  
been produced i n  s u f f i c i e n t  q u a n t i t i e s  a n d  sizes t o  offer convincing 
proof  of i ts  r e p r o d u c i b i l i t y  w i t h o u t  v a r i o u s  forms of d i s t o r t i o n ,  c r a c k -  
ing,   and/or   uniformity of composi t ion   and   proper t ies .   Never the less ,  i t  
has  a very good p o t e n t i a l  and  must  be  considered as t h e  first choice  
fo r  tu rb ine  bea r ings  and  for l i q u i d  metal seals.  
Carboloy 907 should a lso be considered as a p o t e n t i a l  a l t e r n a t e  t o  
the   above   s e l ec t ion .   Bo th  materials are commerc ia l ly   ava i lab le ,   and  
the   p rocess ing   and   r ep roduc ib i l i t y   have   been  well e s t a b l i s h e d .  The 
composition of Carboloy 907 has been evaluated i n  a NASA sponsored 
b e a r i n g  materials program where i t s  r e s i s t a n c e  t o  c a r b o n  t r a n s f e r  w a s  
good a t  800°F,  but  showed some i n s t a b i l i t y  a t  1100'F. 
E x c e l l e n t  f u l l - s c a l e  l i q u i d  metal b e a r i n g  tests have  been  performed 
a t  t e m p e r a t u r e s  t o  800'F us ing  the  Carbo loy  907 composition, Reference 
4.1-3.   Addit ional  tests are con templa t ed ;   a s  a means of de te rmining  
t h e  h i g h e s t  u t i l i t y  t e m p e r a t u r e  fo r  t h i s  p r o v e n  b e a r i n g  material, such  
tests should be run a t  900'F f o r  e v a l u a t i n g  t h e  p o s s i b i l i t y  of carbon 
t r a n s f e r  t o  r e f r a c t o r y  m e t a l  s p e c i m e n s  i n  t h e  c o l d  zone.  For  compara- 
t i ve  pu rposes ,  t he  compos i t ions  and  the  ex ten t  of e v a l u a t i o n  of t h e s e  
m a t e r i a l s  u n d e r  c o n t r a c t  NAS3-2534 are shown i n  T a b l e  4.1-2. 
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T A B U  4.1-2 
1 
Designation 
TiC+lOCb 
Carboloy 907 
TYPICAL  BEARING  MATERIALS  EVALUATIONS 
Composition 
83.6TiC-9.54Cb- 
5.85WC-O.73CO- 
0.33Fe 
74WC-20TaC-6Co 
* Based  on  NAS  3-2534 
Extent of Work* 
Individual Dry Sliding  Liquid  Potassium 
Tests** Friction  Friction 
X V s  Mo-TZM & Vs  TiC+lOCb 
TiC+lOCb 
X Vs Mo-TZM & No 
90 7 
** Such as Hardness,  Stability,  Corrosion,  Thermal  Expansion,  Compressive 
Strength,  Elastic  Modulus,  etc. 
I n  t h e  s t a i n l e s s  steel containment system for  t h e  g e n e r a t o r  l i q u i d  
me ta l  bea r ings ,  where  the  maximum tempera tu re  i s  only 700°F, Carboloy 907 
bea r ings  have  demons t r a t ed ,  i n  fu l l - s ca l e  bea r ing  tests, tha t  t hey  shou ld  
b e  v e r y  s u f f i c i e n t .  
B e c a u s e  o f  t h e  r e l a t i v e l y  h i g h  c e n t r i f u g a l  stresses i n  t h e  l a r g e r  
d i ame te r  t h rus t  bea r ings ,  t he  lower  dens i ty  o f  t he  T ic  type  ma te r i a l s  
f o r  t h r u s t  b e a r i n g s  ( a s  c o n t r a s t e d  t o  t h e  h i g h e r  d e n s i t y  o f  t h e  WC type  
bea r ings )  would t e n d  t o  f a v o r  t h e  u s e  o f  T i c  t y p e  m a t e r i a l s  f o r  t h r u s t  
bear ings .   Meager   in format ion   on   Tic  + 10% Cb i n d i c a t e s  i t s  s t r e n g t h ,  
a s  de t e rmined  in  a t r a n s v e r s e  r u p t u r e  tes t ,  i s  only  65  - 75 x lo3 p s i  
a t  room t e m p e r a t u r e ;  t h i s  c o n t r a s t s  w i t h  t r a n s v e r s e  r u p t u r e  v a l u e s  o f  250 - 
325 x 10 p s i  f o r  WC-6Co m a t e r i a l s  and 150 - 175 x 10 p s i   t r a n s v e r s e  
rupture  s t rength  for  the  n icke l -molybdenum bonded Tic cermets on which 
d a t a  i s  a v a i l a b l e .   I n   o r d e r   t o   f i n a l i z e   d e t a i l e d   d e s i g n s ,  some a d d i t i o n a l  
t e s t i n g  o f  t h e  t h r u s t  b e a r i n g  m a t e r i a l s  a t  room and e l eva ted  t empera tu res  
w i l l  b e  n e c e s s a r y  i n  o r d e r  t o  d e t e r m i n e  t h e  a v a i l a b l e  s t r e n g t h s  of t h e s e  
l o w e r  d e n s i t y  T i c  b e a r i n g  m a t e r i a l s .  
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Rubbing Materials 
I n  t h e  h i g h - p r e s s u r e  t u r b i n e  s t a g e ,  T-111 honeycomb s t r u c t u r e s  h a v e  
been  se l ec t ed  fo r  t he  vapor  phase  seals a t  the t u r b i n e  t i p s  and i n t e r s t a g e  
areas. I n  a similar f a s h i o n ,  Cb-1Zr would  be  used  in  the  low-pressure  turb ine  
s t a g e .  The a b i l i t y  o f  t h i s  t y p e  of  honeycomb s t r u c t u r e  t o  d e f o r m  r e a d i l y  i n  
the   even t  of a rub i s  unquestioned. However, l i t t l e  is  known r e g a r d i n g  
t h e  p o s s i b i l i t y  o f  g a l l i n g  a n d  metal t r a n s f e r  i n  t-ubbing c o n t a c t  of 
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tantalum and columbium a l l o y s  i n  vacuum or i n  p o t a s s i u m  a t  t u r b i n e  
t empera tu res .   Because   o f   t he   duc t i l i t y  and r e l a t i v e l y  low hardness  of 
the  t an ta lum and columbium a l l o y s ,  it must  be  presumed t h a t  some g r o s s  
me ta l  t r ans fe r  migh t  occur ;  rubb ing  tests would  be of va lue  i f  t h e y  were 
t o  s i m u l a t e  t h e  t y p e  o f  r u b  c o n d i t i o n s  and the  types  o f  geomet r i c  cond i t ions  
which may e x i s t  i n  a n  a c t u a l  t u r b i n e .  
The r e l a t i v e l y  s m a l l  d i a m e t e r s  and absence of any s i g n i f i c a n t  c r e e p  
a t  t h e  l i q u i d  m e t a l  b e a r i n g s  make the  occurrence  of gross  rubbing  much 
less l i k e l y   t h a n   a t   t h e   t u r b i n e   t i p s .   I n   t h e s e   a r e a s ,   h a r d ,   b e a r i n g   t y p e  
m a t e r i a l s  w i t h  l i t t l e  ga l l i ng  t endency  w i l l  be u s e d .  T i c  + 10YLb w i l l  
be u s e d  i n  t h e  t u r b i n e  l i q u i d  m e t a l  s e a l s  and S t e l l i t e  6B (1.lC-55Co- 
33Cr-6W-3.5Fe-3Ni) w i l l  be u s e d  i n  t h e  g e n e r a t o r .  
B i m e t a l l i c  J o i n t  
I n  t h e  t r a n s i t i o n  o f  s t r u c t u r a l  m a t e r i a l s  b e t w e e n  t h e  t u r b i n e  and t h e  
g e n e r a t o r ,  a n o n r o t a t i n g  b i m e t a l l i c  j o i n t  a b o u t  3 1/2 i n c h e s  i n  diameter 
w i l l  be   requi red .  A j o i n t  o f  t h i s  diameter  between Cb-1Zr  and H a s t e l l o y  C 
( for  example)  i s  w e l l  w i th in  the  r ange  of p re sen t  t echno logy  fo r  bo th  
brazed and coex t ruded   j o in t s .  A brazed   j o in t   has   been  selected based 
upon the  demonst ra ted  exce l len t  thermal  shock  and the rma l  cyc l ing  resist- 
ance  of  tan ta lum-s ta in less  s teel  j o i n t s  when quenched i n  mercury  from 
1300°F,  Reference  4.1-4.  Currently,  improvements are being made i n  
u l t r a s o n i c  i n s p e c t i o n  t e c h n i q u e s  t o  v a l i d a t e  t h e  q u a l i t y  o f  t h e  j o i n t s  
a f te r  braz ing ,  Reference  4 .1-5 .  
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4.2 DESIGN  DATA RELIABILITY 
I n  P h a s e  I the  impor- tance  of  re l iab le  des ign  da ta  was s t r e s s e d  a n d  
t h e  n a t u r e  a n d  r i s k  of t h e  e x t r a p o l a t i o n s  made a t  t h a t  time were c i t e d .  
The  dec is ions  made a t  the end of  Phase I c o r r e c t e d  some o f  t h e s e  e x t r a -  
p o l a t i o n s   a n d   o r i g i n a l   e s t i m a t e s .   I n  some cases ,   t he   need   fo r   add i t iona l  
d a t a  was e l i m i n a t e d ,  b u t ,  i n  g e n e r a l ,  P h a s e  I1 also  confirmed  the  need 
f o r  more mechanical property documentation i n  o r d e r  t o  a s s u r e  e i t h e r  
d a t a  r e l i a b i l i t y  or component  performance. The f o l l o w i n g   i n s t a n c e s  
i l l u s t r a t e  t h i s .  
The absence of stress r e l a x a t i o n  d a t a  o n  i n t e r s t a g e  b o l t i n g  materials 
s u c h  a s  TZC and TZM prevented the development of u l t i m a t e  des igns  of  
bo l ted   tu rb ine   wheels .   Such   des ign   da ta   would   have   been   essent ia l  had 
a bol ted   wheel   des ign   been   se lec ted .  The u s e  of a s i n g l e  t i e  b o l t  i n  
t he  cu r ren t  des ign  e l imina te s  the  p re s s ing  need  fo r  stress r e l a x a t i o n  
d e s i g n  d a t a  s i n c e  o n l y  t h e  h o t t e s t  p o r t i o n  o f  t h e  b o l t  i s  s u b j e c t  t o  
stress re l axa t ion .   Inasmuch   a s   t he   ma jo r   po r t ion   o f   t he  t i e  b o l t  i s  
e l a s t i c a l l y  l o a d e d  and a c t s  as a s p r i n g ,  t h e  h o t t e s t  p o r t i o n  o f  t h e  t i e  
b o l t  n e a r  i ts  head is l o a d e d  u n d e r  p r a c t i c a l l y  c o n s t a n t  l o a d  r a t h e r  t h a n  
cons t an t   s t r a in .   Consequen t ly ,   t he   c r eep   and   rup tu re   cha rac t e r i s t i c s   o f  
t h e  TZC t i e  b o l t  are now more impor t an t ;  wh i l e  stress r e l a x a t i o n  i n f o r -  
mation would  be d e s i r a b l e ,  i t  no longer  rates f i r s t - o r d e r  c o n s i d e r a t i o n .  
The  r e l i a b i l i t y  o f  m e c h a n i c a l  p r o p e r t y  d a t a  o n  t h e  KDTZM-1175 type 
molybdenum al loy  wheel  material i s  of  most  concern. The a v a i l a b l e  0.5 
percent  c reep  da ta  represents  one  hea t  and  one  forg ing  conf igura t ion  
which are shown in  F igu re  4 .2 -1 .  Th i s  c reep  da ta  r ep resen t  tests per-  
formed a t  1600°F  and  higher;  however,  none  of  the  specimens were s t r e s s e d  
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t o  produce rupture .  The s c a t t e r  band  shown i n  t h e  F i g u r e  i n d i c a t e s  t h e  
a n t i c i p a t e d  scatter i n  t h e  0.5 pe rcen t  c r eep  da ta  and  fo rmed  the  bas i s  
fo r  t he  Phase  I1 d e s i g n  e f f o r t .  While e x i s t i n g  a n d  e x t r a p o l a t e d  d a t a  o f  
the above type do present a reasonable  bas i s  of  pre l iminary  des igns ,  
a d d i t i o n a l  c o n f i r m i n g  data i s  r e q u i r e d  f o r  r e l i a b i l i t y  p u r p o s e s  p r i o r  
t o  d e s i g n i n g  component p a r t s  f o r  m a n u f a c t u r e .  More d a t a  are be ing  ob- 
t a i n e d  u n d e r  e x i s t i n g  NASA c o n t r a c t s .  
A l i m i t e d  amount  of t e s t i n g  is  requi red  of  actual KDTZM-1175 type 
forged wheel  components  prepared for  eventual  turbine construct ion.  
T h i s  t e s t i n g  s h o u l d  i n c l u d e :  
1. L i m i t e d  t e n s i l e  tests a t  va r ious   t empera tu res   t o   deve lop  0.2 
p e r c e n t  y i e l d  s t r e n g t h ,  u l t i m a t e  t e n s i l e  s t r e n g t h ,  a n d  
d u c t i l i t y  p l o t s  as a func t ion  of  tempera ture .  
2. L imi t ed  no tched  t ens i l e  and  impact tests i n  t h e  r a d i a l  and 
a x i a l  d i r e c t i o n  o f  t h e  w h e e l  f o r g i n g  a t  var ious temperatures  
t o  d e t e r m i n e  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  t e m p e r a t u r e s .  
3. Limited shor t - t ime  c reep   and   rup ture  tests a t   va r ious   t empera -  
t u r e s  t o  e s t ab l i sh  pa rame te r  cu rves  showing  the  stress- 
pa rame te r   r e l a t ionsh ips   fo r   va r ious   Leve l s   o f   c r eep   and   fo r  
complete  rupture  and to  def ine that  parameter  which best f i t s  
da ta  de te rmined  a t  a l l  t e m p e r a t u r e s .  
4. One o r  two long-time  creep tests t o  v e r i f y  t h e  r e l i a b i l i t y  of 
e x t r a p o l a t e d  s h o r t - t i m e  p a r a m e t e r  p l o t  d a t a  t o t h e  l o n g - t i m e  
condi ti ons . 
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A s  can be seen from Figure 4.2-1, the 0.5 p e r c e n t  c r e e p  d a t a  a t  t h e  
beginning of Phase I1 i n d i c a t e  a s u p e r i o r i t y  o f  t h e  KDTZM-1175 t y p e  a l l o y  
over  TZC a t  t e m p e r a t u r e s  t o  2090'F based  on  ex t rapola t ion  of  tests then  
i n  p r o g r e s s .  E x t r a p o l a t e d  d a t a  assumes a cons tan t   second  s tage   c reep  
rate which i n  itself makes t h e  r e l i a b i l i t y  o f  t h e  data ques t ionab le .  
An example  of  th i s  i s  t h e  s u p e r i o r i t y  o f  KDTZM-1175 t y p e  a l l o y  mas 
reduced below 1980'F by an increased second-stage creep rate i n  t h i s  
specimen. 
Another  example  of  the  uncer ta in t ies  in t roduced  in to  da ta  because  
o f  n e c e s s a r y  a s s u m p t i o n s  i n  data e x t r a p o l a t i o n  is shown i n  F i g u r e  4.2-2. 
The o r i g i n a l  0 . 1  p e r c e n t  c r e e p  data vras derived from an observed 65 
percent  (approximate)  re la t ionship  be tween t h e  0 .1  percent  and  0.5 
pe rcen t  creep d a t a  f o r  KDTZM. The o r i g i n a l  0 . 1  p e r c e n t  c r e e p  d e s i g n  
curve vras then based upon 65 percent  of  t h e  0.5 percent  c reep  curve .  
I t  was a p p r e c i a t e d  t ha t  t h e  d a t a  was p robab ly  too  conse rva t ive  a t  t h e  
love r  t empera tu res ,  b u t  t h e  magnitude of t he  e r r o r  i n  e s t i m a t i o n  was 
not  known.  Data l a t e r  s u p p l i e d  by NASA i n d i c a t e d  t h i s  cu rve  fo r  0.1 
percent  th ree-year  c reep  stress versus  tempera ture  was much s t e e p e r ;  
as t h e  r e s u l t  o f  t h i s  d a t a  r e v i s i o n ,  a d d i t i o n a l  0.1 pe rcen t  c r eep  
s t r e n g t h  mas a v a i l a b l e  below 1790'F, but t h e  a v a i l a b l e  s t r e n g t h  was 
s igni f icant ly  reduced  above  th i s  tempera ture ,  and  the  first-stage wheels 
became n e c e s s a r i l y  h e a v i e r  t h a n  when t h e  earlier d a t a  was used. 
Although there is s u f f i c i e n t  material p r o p e r t y  d a t a  a v a i l a b l e  i n  
t h i s  deve lopmenta l  a l loy  (KDTZM-1175) t o  complete  an acceptable  design,  
t h e  above comments i n d i c a t e  t h e  n e c e s s i t y  f o r  a l a r g e r  q u a n t i t y  o f  
test da ta  o f  a d ive r se  na tu re  f rom which  to  inc rease  the  r e l i a b i l i t y  of 
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I " 
t h e  d e s i g n  c u r v e s .  
4.3 FORGINGS 
The d e v e l o p m e n t  o f  t h e  s u p e r i o r  h i g h - t e m p e r a t u r e  s t r e n g t h  p r o p e r t i e s  
found i n  KDTZM-1175 was u n d o u b t e d l y  a s s o c i a t e d  w i t h  t h e  s p e c i a l  p r o c e s -  
i n g   w h i c h   t h i s  material r e c e i v e d ,   a s  w i l l  be   descr ibed   be low.   S ince  
t h e  o r i g i n a l  p r o c e s s i n g  was a p p l i e d  t o  t h i n  p a n c a k e  w h e e l  f o r g i n g s ,  i t  
is d o u b t f u l  i f  s i m i l a r  p r o c e s s e s  c a n  r e a d i l y  b e  d e v e l o p e d  f o r  a l t e r n a t e  
f o r m s  s u c h  a s  s h a f t s  o r  t i e  b o l t s .  
S h a f t s  
S i n c e  t h e  s h a f t s  are l a r g e  i n  d i a m e t e r ,  t h e y  m u s t  be made from 
e x t r u d e d   a n d   p a r t i a l l y   r o l l e d  or f o r g e d   r o u n d   b i l l e t .   A d d i t i o n a l   f o r g i n g  
work c a n  b e  i m p a r t e d  t o  t h e  u p s e t  e n d s  o f  t h e  s e c t i o n s  o f  t h e  s h a f t s  
wh ich   r equ i r e   f l a r ing .   However ,  i t  is  d o u b t f u l  i f  t h e  type  of   proces-  
s i n g  r e q u i r e d  t o  a c h i e v e  t h e  s h a f t  s h a p e  w i l l  p rovide  t h e  amount of ho t  
work i n  t h e  a p p r o p r i a t e  t e m p e r a t u r e  r a n g e  t o  r e s u l t  i n  KDTZM-1175 type  
p r o p e r t i e s .   S i n c e  these components   do   no t   requi re   h igh   c reep   s t rength ,  
i n a b i l i t y  t o  r e p r o d u c e  t h e  KDTZM-1175 t y p e  s t r e n g t h  w i l l  be  of  no 
se r ious   consequence .  
T i e  Bo l t  
I t  i s  e s s e n t i a l  t o  t h e  s u c c e s s  o f  t h e  t i e  b o l t  t h a t  i t  d e v e l o p  t h e  
h i g h e s t  p o s s i b l e  c r e e p  s t r e n g t h  a t  t h e  h i g h e s t  t u r b i n e  t e m p e r a t u r e s .  
P rocesses  have  been  r e l i ab ly  deve loped ,  Re fe rence  4.3-1, fo r  fo rming  
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1 1/2-inch-diameter TZC b a r  s t o c k  w i t h  good room t e m p e r a t u r e  d u c t i l i t y  
and r u p t u r e  s t r e n g t h  t y p i c a l  f o r  TZC. An u p s e t  f o r g i n g  o p e r a t i o n  w i l l  be 
r e q u i r e d  i n  o r d e r  t o  g a t h e r  enough m a t e r i a l  f o r  t h e  b o l t  h e a d ;  t h i s  
ope ra t ion  can  be performed by r e s i s t a n c e  h e a t e d ,  u p s e t  f o r g i n g  o p e r a t i o n s  
s i m i l a r  t o  t h o s e  u s e d  t o  f o r m  a t i e  b o l t  f o r  t h e  t h r e e - s t a g e  p o t a s s i u m  
vapor  turbine,   Reference  4.3-2.  The r e l i a b i l i t y   o f   t h i s   a p p r o a c h   a s  
c o n t r a s t e d  t o  t h e  u n c e r t a i n t i e s  o f  r e p r o d u c i n g  t h e  s t r a i n  a g e  p r o c e s s i n g  
i n  KDTZM recommend the  use  of  TZC f o r  t i e  b o l t s  r a t h e r  t h a n  KDTZM. 
Whee 1s 
The f o r g i n g  p r o c e s s  by w h i c h  t h e  o r i g i n a l  KDTZM-1175 d i s c  was prepared 
i s  shown in  F igu re  4 .3 -1  a long  wi th  two add i t iona l  sugges t ed  p rocesses .  
The o r i g i n a l  p r o c e s s  i n v o l v e d :  f i r s t ,  i n g o t  breakdown t o  6 1/2-inch 
d i ame te r  and s u b s e q u e n t  r e c r y s t a l l i z a t i o n  a t  2800'F; second,   hot   forging 
t o  4 1/8-inch  diameter  at   3400-2800°F and a g i n g  a t  2950'F ( t h e  f o r g i n g  
o p e r a t i o n  was  performed i n  t h e  I n  F a b  room a t  Un ive r sa l  Cyc lops ) ;  and 
t h i r d ,  u p s e t  f o r g i n g  a 4-inch-diameter x 4- inch -h igh  b i l l e t  t h rough  
81 .2  percent  reduct ion  in  he ight  f rom 2800'F t o  2160'F t o  p r o d u c e  t h e  
worked s t r u c t u r e  and f i n a l  s t r a i n  a g e  p r e c i p i t a t i o n  w h i c h  i s  b e l i e v e d  t o  
b e  r e s p o n s i b l e  f o r  t h e  good creep   s t rength ,   ho t   hardness ,  and r e s i s t a n c e  
t o  r e c r y s t a l l i z a t i o n  w h i c h  h a s  b e e n  o b s e r v e d  i n  t h i s  m a t e r i a l .  
I t  h a s  r e c e n t l y  been determined,  Reference 4 . 3 - 3 ,  t h a t  s e v e n  
a d d i t i o n a l ,  much th i cke r  whee l  fo rg ings ,  1 5/8-inch t o  1 3/4- inch thick 
by t en  inches  d i ame te r ,  were p rocessed  in  a s i m i l a r  f a s h i o n  f o r  u s e  i n  
t h e  SNAP-50 - SPUR program.   Di f f icu l ty  was encoun te red   i n   fo rg ing   f rom 
2780'-2850'F because  o f  t he  necessa ry  he igh t - to -d iame te r  r a t io  o f  t he  
f o r g e  b i l l e t .  (The f o r g e  b i l l e t s  were f o u r  i n c h e s  i n  d i a m e t e r  x 8 1/4 
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F igure 4.3-1. Nheel  Forging  Processes 
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inches high.)  The h i g h  u p s e t  r a t i o  was n e c e s s a r y  t o  a c h i e v e  a t h i c k e r  
pancake  fo rg ing  and ,  a l so ,  t o  ach ieve  s imi l a r  pe rcen tage  r educ t ions  in  
h e i g h t  a s  i n  t h e  o r i g i n a l  KD!IZM-1175 pancake. As many a s  31 and a s  few 
as  17 blows were r e q u i r e d  t o  f o r g e  t h e  b i l l e t s ;  b l o w s  were l i g h t  a t  f i r s t  
u n t i l  t h e  f o r g i n g  was r e d u c e d  t o  f i v e  i n c h e s  i n  h e i g h t  and then  heav ie r  
blowers were used  t o  r e d u c e  t h e  p a n c a k e  t o  f i n a l  t h i c k n e s s .  F i n i s h  
forg ing  tempera tures  var ied  genera l ly  f rom 1870'F t o  2100'F; n a t u r a l l y ,  
t h e  f o r g i n g  p r o c e s s  was n o t  e x a c t l y  t h e  same as t h a t  f o r  t h e  o r i g i n a l  
h igh-s t rength  forg ing  f rom hea t  KDTZM-1175, and a t t e s t s  t o  t h e  d i f f i c u l t y  
of e x a c t l y  r e p r o d u c i n g  t h e  o r i g i n a l  p r o c e s s .  The p o s s i b i l i t y  shou3.d be 
i n v e s t i g a t e d  of procur ing  and  of m e t a l l u r g i c a l l y  and mechanica l ly  eva lua t ing  
t h e s e  SNAP50 - SPUR f o r g i n g s  p r i o r  t o  i n i t i a t i n g  a  component f o r g i n g  
program. 
The advantages of 3400'F h o t  f o r g e  p r o c e s s i n g  a s  c o n t r a s t e d  t o  c o n -  
v e n t i o n a l  2400'F forging were stressed by C. R .  Muel ler  of  Universal  
Cyclops ;  he  contended  tha t  the  3400'F f o r g i n g  r e s u l t e d  i n  t h e  f o r m a t i o n  
of f i n e  c a r b i d e  d i s p e r s i o n s ,  some o r  a l l  of  which,  even a f t e r  s u b s e q u e n t  
r e c r y s t a l l i z a t i o n  a t  2950'F f o r  two hours,  remained as d i s p e r s e d  n u c l e a t i n g  
s o u r c e s  f o r  f u r t h e r  p r e c i p i t a t i o n  d u r i n g  f i n a l  p a n c a k e  f o r g i n g  a t  2800'F- 
2160'F. Mr. Mueller  c i ted  Universa l -Cyclops  work  on  the  Molybdenum Sheet 
Ro l l ing  P rogram,  Refe rence  4 .3 -4 ,  i n  wh ich  r ec rys t a l l i za t ion  r e s i s t ance  
and hot  hardness  were favorab ly  a f f ec t ed  by the  3400°F forg ing  t rea tments  
a s  compared t o  t h e  2400°F fo rg ing  t r ea tmen t .  I t  was n o t  d i r e c t l y  e v i d e n t  
f rom the  repor t ,  however ,  tha t  the  same r e c r y s t a l l i z a t i o n  r e s i s t a n c e  and 
hot hardness improvements could not be achieved by f o r g i n g  d i r e c t l y  from 
much lower  temperatures ,   such  as  2800'F  and avoiding,   completely,   the  
3400'F f o r g i n g  s t e p .  
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A simple set of swaging experiments on KDTZM-1175 type  molybdenum 
a l loy  composi t ion  could  be ,performed t o  d e t e r m i n e  i f  the ho t  ha rdness  
i n  t h e  f i n a l  p r o d u c t  or i f  the i n - p r o c e s s  m i c r o s t r u c t u r e s  mere a f f e c t e d  
by t h e  i n s e r t i o n  or d e l e t i o n  o f  t h i s  3400'F f o r g i n g  s t e p  i n  t h e  p r o c e s s .  
The n e c e s s i t y  f o r  d e t e r m i n i n g  the e s s e n t i a l  n a t u r e  o f  the  3400°F 
f o r g i n g  s t e p  i s  ev iden t  when the  h igh  cos t s  a r e  cons ide red  o f  open ing  
up the In-Fab room for l i m i t e d  KD'IZM-1175 t y p e  f o r g i n g  o p e r a t i o n s .  
It  has  been suggested,  Reference 4.3-5, t h a t  a p l a s t i c  t y p e  shelter, 
erected ove r  a commercial  source forging hammer and equipped  wi th  induct ion  
h e a t i n g  f a c i l i t i e s ,  a r g o n  a t m o s p h e r e ,  and argon brea th ing  appara tus ,  
could be used for t h e  f o r g i n g  f a c i l i t y  i n  l i e u  o f  t h e  In-Fab room. 
O t h e r  a l t e r n a t i v e  f o r g i n g  p r o c e s s e s  which b e a r  c o n s i d e r a t i o n  a r e  
i n d i c a t e d  as processes  A and B; their  p r o c e s s  o u t l i n e s  are loca ted  
a d j a c e n t  t o  the  o r i g i n a l  p r o c e s s  o u t l i n e  i n  F i g u r e  4.3-1. 
I n  P r o c e s s  A, an e x t r u s i o n  p r o c e s s  i s  s u g g e s t e d  t o  r e p l a c e  t h e  In-Fab 
room fo rg ing   ope ra t ion .  O f  n e c e s s i t y ,  a l a r g e  r e d u c t i o n  o c c u r s  i n  t h e  
f o r g i n g  b i l le t  d iameter  dur ing  the 3200'F n u c l e a t e  p r e c i p i t a t i o n  p r o c e s s .  
This reduc t ion  mould o c c u r  i n  the In-Fab room o f  t h e  o r i g i n a l  p r o c e s s  
or i n  t h e  e x t r u s i o n  s t e p  shown i n  p r o c e s s  A. Even s t a r t i n g  with a l a r g e  
( 8 1 / 4  i n c h )  i n i t i a l  b i l l e t  he igh t  fo r  r educ t ion  pu rposes ,  t he  molybdenum 
f o r g i n g  b i l l e t  a f t e r  t he  3200'F p r o c e s s  s t e p  h a s  a la rge  he ight - to-d iameter  
r a t i o  and i s  v e r y  s u s c e p t i b l e  t o  b u c k l i n g  d u r i n g  p a n c a k e  f o r g i n g .  This 
is one of the fac tors  which  caused  problems in  t he  f o r g i n g  of 4-inch- 
d iameter  x 8 1/4-inch-high KDTZM-1175 bil lets which mere i n t e n d e d  t o  make 
1 3/4-inch-thick pancake forgings for t h e  SPUR - SNAP-50 program. 
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To el iminate  the buckl ing problem, it is sugges t ed  tha t  t he  s l ende r  
f o r g e  b i l l e t s  from Process A be j a c k e t e d  i n  s t a i n l e s s  s teel  a s  ind ica t ed  
i n  F i g u r e  4 . 3 - 1  t o  p e r m i t  r a p i d  s t r a i n  a g e  f o r g i n g .  
A f i n a l  p r o c e s s  f o r  p r e p a r i n g  t h i c k  p a n c a k e  f o r g i n g s  (shown a s  
Process  B i n  F i g u r e  4.3-1)  would e l i m i n a t e  t h e  r e d u c t i o n  i n  b i l l e t  diam- 
eter requi red  by t h e  n u c l e a t e  P r e c i p i t a t i o n  p r o c e s s  a t  3400OF. Ins tead  
Process  B would upset  forge an unjacketed b u t  l a r g e r  d i a m e t e r  molybdenum 
a l l o y  b i l l e t  to  avo id  buck l ing  and  would r e l y  upon s t r a i n  a g i n g  d u r i n g  
the  pancake  forg ing  opera t ion  to  deve lop  mater ia l  s t rength .  
A f i n a l  f a c t o r  which must be cons idered  in  forg ing  pancake  forg ings  
o f  g r e a t e r  f i n a l  t h i c k n e s s  i s  the l a r g e r  mass  of mater ia l  which must be 
forged and t h e  e f f e c t  of t h i s  mass  on t h e  coo l ing  r a t e  du r ing  fo rg ing .  
( I t  is assumed t h a t  r a p i d  c o o l i n g  and r ap id  work ing  a re  necessa ry  to  re- 
p roduce  the  s t r a in -aged  p rec ip i t a t e  a s  it o c c u r r e d  i n  t h e  o r i g i n a l  f o r g i n g . )  
I f  a s i g n i f i c a n t  m e t a l l u r g i c a l  e f f e c t  is  e v i d e n t  h e r e ,  f o r g i n g  t r i a l s  may 
i n d i c a t e  t h a t  t h e  o r i g i n a l  s t r e n g t h s  a r e  s i m p l y  n o t  a t t a i n a b l e  b e c a u s e  of 
t h e  k i n e t i c s  of t h e  s t r a i n  a g i n g  p r o c e s s .  
I t  i s  e v i d e n t  t h a t  t h e  f a c t o r s  a f f e c t i n g  t h e  f o r g i n g  p r o c e s s  must be 
b e t t e r  u n d e r s t o o d  i n  terms of t h e i r  i n f l u e n c e  upon f ina l  mechan ica l  
p rope r t i e s  o f  t he  fo rg ing .  
In  summar iz ing  the  prospec ts  for  dupl ica t ing  the o r i g i n a l  h i g h - s t r e n g t h  
KDTZM-1175 fo rg ing ,  t he  fo l lowing  obse rva t ions  a re  o f f e red :  
1. L a r g e  f o r g i n g  r e d u c t i o n s  a p p e a r  n e c e s s a r y  f o r  s t r a i n  a g e  
p r e c i p i t a t i o n .  
2. Thicker   forg ings  w i l l  resul t  i n :  
( a )   g rea t e r   upse t   d i s t ances ,  
(b) p o s s i b l e   f o r g e   b i l l e t   b u c k l i n g ,  
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( c )  t h e  n e e d  f o r  larger d i ame te r  b i l l e t s  o r  j a c k e t i n g  
of b i l le t s ,  
( d )  mass ive   forg ings   and  slower c o o l i n g  of t h e  b i l l e t  
d u r i n g  f o r g i n g  p r e c i p i t a t i o n .  
3. The  need fo r  3400°F n u c l e a t e  p r e c i p i t a t i o n  r e q u i r e s  c o n f i r m a -  
t i o n  o r  r e j e c t i o n .  
A r e  f i n e  p r e c i p i t a t e s  n u c l e a t e d  i n  t h e  p r o c e s s  and 
can  they  be  obse rved  me ta l log raph ica l ly?  
A r e  a l t e r n a t i v e  p r o c e s s e s ,  w h i c h  e l i m i n a t e  t h i s  s t e p ,  
e q u i v a l e n t  i n  terms o f  f i n a l  m e c h a n i c a l  p r o p e r t i e s ,  h o t  
ha rdness ,  and  mic ros t ruc tu res?  
What a r e  t h e  p r o c e s s  v a r i a t i o n  limits? 
4 .  Simple,  small-scale p rocess ing   s tud ie s   shou ld   be   unde r t aken  t o  
e x p l o r e  m e t a l l u r g i c a l  s t r u c t u r e s  and hot  hardness  as  a f u n c t i o n  
o f  p r o c e s s  h i s t o r y .  
5. U n l e s s   t h e   p r o c e s s   c o n t r o l  limits a re  u n d e r s t o o d ,   v a r i a t i o n s  
i n  p r o p e r t i e s  c a n  b e  e x p e c t e d  i n  l a r g e - s i z e  f o r g i n g s .  
4 . 4  MATERIALS  SUMMARY 
1. The mater ia l s  p r o p e r t y  d a t a  upon  which t h e  s e l e c t i o n  o f  materials 
and  the  p re l imina ry  des ign  conf igu ra t ions  have  been  made are 
g e n e r a l l y  a d e q u a t e ,  b u t  t h e  e x t r a p o l a t i o n s  o f  l i m i t e d  d a t a  a n d  
t h e  u n c e r t a i n t y  o f  t h e  r e p r o d u c i b i l i t y  o f  some d a t a  r e q u i r e  
t h a t  f u r t h e r  d e s i g n  s t r e n g t h  d a t a  and o t h e r  n e c e s s a r y  p r o p e r t y  
da t a  be  acqu i r ed  on  ac tua l  ha rdware  component mater ia ls .  
171 
2.  The  bear ing  materials f o r  t h e  g e n e r a t o r  are  r e l a t i v e l y  w e l l  
p roven  by  fu l l - sca l e  l i qu id  metal b e a r i n g  tests; t h e  same con- 
f i rming  tes t  expe r i ence  mus t  be  ga ined  on  the  T ic  + 10%Cb b e a r i n g  
material a f t e r  i t s  r e p r o d u c i b i l i t y  a n d  t e n s i l e  s t r e n g t h  p r o p e r t i e s  
have  been more a d e q u a t e l y  d e t e r m i n e d  a n d  i n t e g r a t e d  i n t o  t h e  
b e a r i n g  d e s i g n .  
3 .  T h e  p r e p a r a t i o n  o f  t h e  b i m e t a l l i c  j o i n t  r e q u i r e d  i n  t h e  t u r b i n e  
i t s e l f ,  r e p r e s e n t s  n o  s i g n i f i c a n t  c h a n g e  from t h e  p r e s e n t  s t a t e  
o f  t h e  a r t  and  should  be  readi ly  achieved .  
4 .  T h e   p r o c e s s e s   f o r   t h e   p r e p a r a t i o n   o f  r a w  s t o c k   a n d   t h e   f o r g i n g  
o f  s h a f t s  and t i e  b o l t s  a re  s u f f i c i e n t l y  w e l l  developed as t o  
be  capable  of  producing  materials w i t h  t h e  r e q u i r e d  s t r e n g t h  
l e v e l s ;  however, t h e  wheel forg ing   process   and  i t s  a b i l i t y  t o  
p r o d u c e  t h e  r e q u i r e d  p r o p e r t i e s  i n  t he  f o r g i n g  sizes necessa ry  
are  s t i l l  unproven .  S imple  p rocess  s tud ie s  in  t h i s  a r ea  and  
t h e  a s s o c i a t e d  m a t e r i a l  p r o p e r t i e s  are n e c e s s a r y  b e f o r e  f i n a l  
design curves can be prepared.  
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190 psia  ( t o t a l )  t o  39 p s i a  across t h e  h i g h  p r e s s u r e  t u r b i n e  
2 6  p s i a  t o  5 p s i a  across t h e  low p r e s s u r e  t u r b i n e  
2085OF t o  1585OF across t h e  h i g h  p r e s s u r e  t u r b i n e  
1485OF t o  1245OF across t h e  l o w  p r e s s u r e  t u r b i n e  
- The t urbine whee 
t h e  t o r q u e  t u b e s  
of a c e n t r a l  t i e  
a f t  end of t h e  t 
1 
i 
s are jo ined  by means of c u r v i c  c o u p l i n g s  i n  
and  cone  sha f t s ,  r e t a ined  by  the  ax ia l  force 
bo l t .  Whi le   in te rs tage   l eakage   can   occur ,   the  
e b o l t  i s  s e a l e d  t o  s top  l eakage .  
- Labyr in th  seals opposing honeycomb are used t o  seal  a g a i n s t  
leakage beneath nozzle diaphragms. 
- Honeycomb opposes  the  b lade  t i p s  t o  minimize leakage with 
r e l a t i v e l y  low p o s s i b i l i t y  of b l a d e  f r a c t u r e  if a rub  occurs .  
- The rotor  b l ades  are i n t e g r a l  w i t h  t h e  w h e e l s  fo r  a l l  s t a g e s  
e x c e p t  s t a g e  t e n .  
- Stage  ten  has  shrouded  buckets  t o  f a c i l i t a t e  moisture removal 
from tha t   s tage .   Because  of manufactur ing  complexi ty ,   dovetai led 
non- in tegra l  b lades  are r equ i r ed .  
- C o n i c a l  s t u b  s h a f t s  are u t i l i z e d  t o  reduce  the  rotor  diameter 
from t h a t  of t h e  t o r q u e  t u b e s  t o  t h a t  of t h e  b e a r i n g  j o u r n a l s .  
- In  both  the  forward  and  a f t  b e a r i n g  areas, T i c  + 10% Cb i s  t h e  
bear ing and sea l  material  ( s t a t i c  and rotat ing components) .  
The  bearings are t i l t ed -pad   t ype ,   w i th  f o u r  pads.  Screw seals 
a t  each  end  of  the  bear ings  cont ro l  leakage  of the  potass ium 
l u b r i c a n t ,  which is  supp l i ed  a t  900°F. Proximity  probes are 
inc luded  t o  moni tor  bear ing  pos i t ion .  
- A t h rus t  bea r ing  capab le  of abso rb ing  e i the r  fo rward  or a f t  
l oad ing  i s  p r e s e n t  i n  t h e  a f t  bea r ing  area.  
- A f lex ib le  d i aphragm coup l ing  jo ins  the  tu rb ine  and  the  a l t e rna to r .  
Th i s  t ype  of coup l ing  does  no t  r equ i r e  lub r i ca t ion .  
1 7 6  
- Some t y p i c a l  geometrical dimensions of t h e  t u r b i n e  are:  
36.7 i n c h  t o t a l  ro tor  l e n g t h  
5.710 - 7.808 i n c h  diameter across blade t i p s  i n  t h e  h i g h  
p r e s s u r e  t u r b i n e  
9.846 - 10.053 i n c h  d i a m e t e r  across b l a d e  t i p s  i n  t h e  l o w  
p r e s s u r e  t u r b i n e  
4.5 i n c h  d i a m e t e r  of h i g h  p r e s s u r e  t u r b i n e  i n t e r s t a g e  
l a b y r i n t h  seal t i p s  
3.0 inch  d i ame te r  fo rward  bea r ing  
2.5 i n c h  d i a m e t e r  a f t  b e a r i n g  
- An a x i a l  i n l e t  d u c t  is used.  
- The casing components  around the turbine wheels  are h o r i z o n t a l l y  
s p l i t  and  welded t o  forward  and a f t  f langes  and  a t  t h e  s p l i t  
l i n e s .  
- The high pressure casing i s  e x t e r n a l l y  w a f f l e d  w i t h  r i n g s  a n d  
s t r i n g e r s .  I t  is of T-111  Ta a l l o y  i n  o r d e r  t o  h a v e  s u f f i c i e n t  
s t r e n g t h  as w e l l  as w e l d a b i l i t y .   I n t e r n a l .   c a v i t i e s  are  avoided. 
The c a s i n g  locates the  nozz le  d iaphragms and  seal  r ings  and  i s  
t h e i r  a t t a c h m e n t  body. 
- The l o w  p r e s s u r e  t u r b i n e  c a s i n g  i s  an assembly of p l a t e s  a n d  
c o n e s ,   s p l i t  by t h e   m o i s t u r e   e x t r a c t i o n   n o z z l e .  I t s  material 
i s  C b - l Z r ,  wh ich  p rov ides  adequa te  s t r eng th  and  we ldab i l i t y .  
- The i n l e t  a n d  o u t l e t  n o z z l e s  are i n t e g r a l  w i t h  t h e  d u c t s  a n d  
s c r o l l s .  
- The f lu id  pa th  be tween  the  h igh  p res su re  and  l o w  p r e s s u r e  
t u r b i n e s  i s  s p l i t  i n t o  f o u r  c r o s s o v e r  d u c t s  w h i c h  c o n t a i n  
m o i s t u r e   e x t r a c t i o n   d e v i c e s .   T h e s e   d u c t s   d e l i v e r   t h e   h i g h e r  
q u a l i t y  v a p o r  t o  t h e  low p r e s s u r e  t u r b i n e  i n l e t  s c r o l l .  
- The turb ine  forward  bear ing/sea l  hous ing  and  a pierced-cone 
s u p p o r t  s t r u c t u r e  j o i n  t h e  h i g h  a n d  l o w  p r e s s u r e  t u r b i n e s .  
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Figure 5.2-1. KDTZM-1175 Design Data.  
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Figure 5.2-2. Allowable  Stress  Design Curves for  KDTZM-1175 Rotors. 
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5.3 TURBINE WHEELS AND BUCKETS 
Wheel S t r e s s e s  
The b a s i c  d e s i g n  cri teria fo r  wheel and bucket design are stress 
and  def lec t ion .  Where more than  one  p r inc ipa l  stress occur  a t  t h e  
same p o i n t ,  t h e  stresses are combined according t o  t h e  Hencky-von Mises 
"minimum e n e r g y  o f  d i s t o r t i o n "  c r i t e r i o n  i n t o  a n  e f f e c t i v e  stress as 
r e p o r t e d  i n  t h e  P h a s e  I d i s c u s s i o n  o n  t h i s  s u b j e c t .  
The wheel  def lec t ions  due  to  loads  and  stresses c a l c u l a t e d  by 
t h e  ELASTIC DISK or ROTOR computer programs are shor t - te rm effects. 
Their magnitude i s  much less than the thermal  and long-term creep 
deformations, which w i l l  be  of  pr imary  in te res t .  
The general  mechanical design computational approach t o  t u r b i n e  
wheel  analysis  is t o  t rea t  them as c o n s t a n t - s t r e s s  d i s k s  w i t h  c o r r e d t i o n s  
made f o r   c e n t r a l   h o l e s ,   t h i c k e n e d  rims, torque   tubes ,  e t c .  After 
sc reen ing  poss ib l e  tu rb ine  des igns  wi th  the  gene ra l  method, t h e  w e l l -  
developed ELASTIC  DISK computer program i s  used t o  determine wheel 
r a d i a l ,  t a n g e n t i a l ,  and e f f e c t i v e  stresses wi th  h igh  accuracy .  
The material design curves show t h a t  a l l  s t a g e s  are creep- l imi ted  
r a t h e r  t h a n  l i m i t e d  by shor t - t e rm ove r speed  e f f ec t s  or by onset of 
r u p t u r e .   D e s p i t e   t h e  lower c e n t r i f u g a l  l o a d i n g  of small r a d i i  and 
b l a d e  h e i g h t s ,  t h e  ear l ier  s t a g e s  are t h e  h a r d e r  o n e s  t o  f i t  i n t o  t h e  
desired  l imitat ions.   Stage  one  of   the  chosen  design,   for   instance,  
would be about 100 inches  th i ck  a t  t h e  hub i f  t h e  a v e r a g e  stress 
l e v e l  is t o  be  two k s i  i n  a wheel  wi th  hole .  Therefore ,  the  des i r -  
a b i l i t y  o f  h o l d i n g  w h e e l  stresses be low the  leve l  of three-year  0.1 
percent  c reep  stress w a s  subjugated  t o  t h e  d e s i r e s  f o r  a more compact 
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and  l igh t  we igh t  des ign  wi th  lower f l o w  losses. The penal ty  of a 
l a r g e r  i n i t i a l  t i p  c l ea rance  r equ i r emen t  i s  accepted .  
The first estimate of the  requi red  wheel  neck  th ickness  is  t h e  
th ickness  ca lcu la ted  by  the  genera l  mechanica l  des ign  computer  program 
p r e v i o u s l y   d e s c r i b e d  for i d e a l  d i s k s  w i t h o u t  c e n t r a l  h o l e s .  An 
e m p i r i c a l  c o r r e c t i o n  factor based upon experience with pr ior  ELASTIC 
DISK wheel   ana lyses  i s  u t i l i z e d .  The r a d i u s  of t h e  n e c k  s e c t i o n  of 
the wheel  i s  c a l c u l a t e d  by f o r c i n g  a cub ica l  whee l  t h i ckness  func t ion  
t o  pass  through the  wheel  r i m  corners  which e x i s t  a t  t h e  t h i c k n e s s  
of a x i a l  chord +0.1 inch .  
The contour  of the  wheel  be low the  neck  sec t ion  i s  e s t a b l i s h e d  by 
assuming a 2 . 5  power corrector t o  be  appl ied  t o  t h e  t h i c k n e s s  a t  
each   rad ius   which  w a s  c a l c u l a t e d  f o r  t h e  i d e a l  d i s k  case. The  thick- 
n e s s  c a l c u l a t e d  a t  0.7 i n c h  r a d i u s  i s  used as t h e  cons t an t  hub t h i c k n e s s  
from 0.5 - 0.7 i n c h  r a d i u s .  
The Data N e t  computer program IDEALW w a s  w r i t t e n  t o  make the above 
c a l c u l a t i o n s  a t  s t e p s  of 0.05 i n c h ,  a n d  t o  c a l c u l a t e  t h e  w h e e l  w e i g h t ,  
i n e r t i a  p r o p e r t i e s ,  and s h e a r  area. 
Th i s  p rocedure  i s  required because the advanced wheel  stress 
analysis  program can only analyze the geometry which i s  input ,  and 
c a n n o t  d e s i g n  t h e  w h e e l  d i r e c t l y .  When the   e s t ima ted   con tour   does  
not produce a c o m p l e t e l y  s a t i s f a c t o r y  stress p a t t e r n ,  t h e  p r o c e s s  
must  be  repea ted  wi th  a new e m p i r i c a l  c o r r e c t i o n  f a c t o r  b a s e d  u p o n  
t h e  latest stress a n a l y s i s .  
T h e  e f f e c t i v e  stresses i n  o n e   t y p i c a l   w h e e l ,   s t a g e  t w o ,  are 
shown  by F igu re  5.3-1. The goa l  of 0.1 p e r c e n t  c r e e p  i n  t h r e e  y e a r s  
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F i g u r e  5.3-1. E f f e c t i v e   S t r e s s e s  i n  Stage 2 of 7+4 T u r b i n e   a t  19,200 rpm. 
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is i n d i c a t e d ,  a n d  b a s i c a l l y  i s  m e t  o v e r  t h e  m a j o r i t y  of t h e  r a d i a l  
e x t e n t  of the  wheel.   The  shape of t h e  e f f e c t i v e  stress curve for t h i s  
wheel is c h a r a c t e r i s t i c :  l o w  stress a t  the wheel  r i m  b e c a u s e  t h e  r a d i a l  
stress i s  zero, and  h igh  stress a t  t h e  h u b  b o r e  b e c a u s e  t h e  t a n g e n t i a l  
stress tends  toward  in f in i ty ,  even  though  the  r ad ia l  stress is zero. 
The most e f f i c i e n t  d e s i g n  would  have a c o n s t a n t  e f f e c t i v e  stress e q u a l  
t o  t h e  allowable stress, b u t  t h e  p r e v i o u s  c o n s i d e r a t i o n s  will always 
prevent  i t s  achievement.  The  peak  bore stress approaches   t he   t h ree -  
y e a r  0.4 p e r c e n t  c r e e p  stress but  is n o t  a matter of concern.  As creep  
d e v e l o p s  i n  t h e  bore, t h e  fibers r a d i a l l y  o u t b o a r d  are stressed, u n t i l  
a n  e q u i l i b r i u m  c o n d i t i o n  e x i s t s  A t  whi:ch t h e  bore stresses a re  dec reased  
w h i l e   o t h e r s  are i n c r e a s e d .   T h i s   d e s i g n  i s  cons ide red   accep tab le ,   bu t  
could be improved by adding minor amounts of material t o  d e c r e a s e  t h e  
bore stresses. 
The des igna t ions  o f  t h ree -yea r  c reep  rates on  the  above  f igure  and  
o t h e r s  f o l l o w i n g  are l i n e a r  i n t e r p o l a t i o n s  b e t w e e n  t h e  p r e v i o u s l y  
e s t a b l i s h e d  t h r e e - y e a r  0.1 percent  and  0.5 p e r c e n t  d e s i g n  c r e e p  rates. 
The e f f e c t i v e  stresses i n  a n o t h e r  t y p i c a l  w h e e l ,  s t a g e  e i g h t ,  are 
shown by Figure  5.3-2. The c h a r a c t e r i s t i c   p a t t e r n  i s  p r e s e n t ,   w i t h  
t h e  stress l e v e l  of almost t h e  e n t i r e  w h e e l  w e l l  below t h e  t h r e e - y e a r  
0.1 p e r c e n t  c r e e p  stress. The   r eason   t h i s   occu r s  i s  t h a t  a lower limit 
of 0.100 i n c h  w a s  p laced  on the wheel  neck thickness ,  s o  tha t  und i scove red  
small material or f a b r i c a t i o n  d i s c r e p a n c i e s  d o  n o t  c a u s e  major i n c r e a s e s  
i n  stress. Although  the  peak  bore stress is  o n l y  s l i g h t l y  g r e a t e r  t h a n  
t h e  0.1 p e r c e n t  c r e e p  stress, i t  is a matter of some concern because 
t h e  allowable r u p t u r e  stress ( o v e r s p e e d  c r i t e r i o n )  is very  l i t t l e  
h i g h e r   t h a n   t h e  bore stress. T h i s   d e s i g n  i s  cons ide red   accep tab le ,   bu t  
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F i g u r e  5.3-2. E f f e c t i v e  S t r e s s e s  i n  S t a q e  8 o f  7+4 T u r b i n e  a t  19,200 rpm. 
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t h e  n e x t  i t e r a t i o n  c o u l d  d e c r e a s e  t h e  b o r e  stresses and lower t h e  
a v e r a g e  t a n g e n t i a l  stress l e v e l  t o  a smaller f r a c t i o n  of t h e  a v a i l a b l e  
r u p t u r e  stress. 
The e f f e c t i v e  stresses i n  t h e  o n l y  w h e e l  w i t h  d o v e t a i l e d  b l a d e s ,  
s t a g e  t e n ,  are shown  by F i g u r e  5.3-3. T h i s  d e s i g n  i s  no t   cons ide red  
a c c e p t a b l e  w i t h o u t  f u r t h e r  i t e r a t i o n  b e c a u s e  t h e  e f f e c t i v e  stresses 
e x c e e d  t h e  d e s i r e d  t h r e e - y e a r  0.1 p e r c e n t  c r e e p  stress and overspeed 
r u p t u r e   c r i t e r i o n   o v e r   s i g n i f i c a n t  areas. However, the  weight   and 
i n e r t i a  p r o p e r t i e s  o f  t h i s  d e s i g n  w i l l  be  changed  only  s l igh t ly  by  
r edes ign ,   and  are,  t h e r e f o r e ,   u s e a b l e  as c a l c u l a t e d .  I t  i s  necessary  
t o  c o n c l u d e  t h e  t u r b i n e  w h e e l  s t u d i e s  when a n  a c c e p t a b l e  s o l u t i o n  i s  
closely approached,   because  of   the  complexi ty  of t h e  c a l c u l a t i o n s  
invo lved .   Th i s   whee l   des ign ,  for i n s t a n c e ,  w a s  ana lyzed  by t h e  
approximate methods of  the general  mechanical  design computer  program. 
A special  t ime-sharing computer  program w a s  w r i t t e n  t o  estimate t h e  
shape of the  wheel   which is r e q u i r e d .  An ELASTIC DISK a n a l y s i s  w a s  
made, w i th  unaccep tab le  r e s u l t s ,  a n d  s e v e r a l  more r e f i n e d  estimates 
of geometry were made, fol lowed by f u r t h e r  d e t a i l e d  ELASTIC  DISK 
a n a l y s e s .  The f u r t h e r   r e f i n e m e n t  of whee l   ana lyses  t o  t h e i r  u l t i m a t e  
c o n c l u s i o n  d e l a y s  t o  an  unaccep tab le  deg ree  the  ana lyses  of o t h e r  
components. 
A s y n o p s i s  of c r i t i c a l  wheel  mechanical  design parameters  fo r  
t h e s e   a n d   o t h e r   s t a g e s  i s  l i s t e d  i n  T a b l e  5.3-1. I t  shows s i m i l a r i t y  
i n  t h e  stress p a t t e r n  of s t a g e s  o n e  ( p l o t  t o  be  shown)  and two, w i t h  
no d i s t i n c t  p e a k  i n  t h e  e f f e c t i v e  stresses e x c e p t  a t  the   bo re .   S t ages  
3 - 11 have stress p a t t e r n s  similar t o  t h o s e  shown fo r  s t a g e s  e i g h t  a n d  
11, w i t h  a stress peak  be tween the  wheel  neck  and  the  bore  and  a stress 
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Stage Number 
Dove t a i  IS 
Tip.  .Radius 
R i m  Radius 
Axial  Chord 
Temperature 
Deformation Stress 
F rac tu re  S t r e s s  
Peak S t r e s s  
A t  Radius 
E Bore S t r e s s  
ED R i m  Deflection( ')  
Wheel Weight (2)  
Axial  M . I .  
Bursting Force 
P r o f i l e  Area 
Avg.Tang.Stress 
Avg.Tang.Stress 
F rac tu re  S t r e s s  
TAmE 5.3-1 
TURBINE WHEEL MECHANICAL DESIGN PARAMETERS 
FOR 7+4 TURBINE  (KDTZM-1175 MATERIAL) 
1 
No 
in.  2.855
in. 2.516 
i n .  0.400 
OF 2085 
ks i 2 .3  
ksi 18.4 
k s i  7.9 
in .   1 .0  
ks i 15.3 
m i  1s 0.4 
l b   4 . 5  
lb-in.2  11.7 
klb  24.7 
i n .  1.4 
ks i 8.8 
0.48 
2 
" 
2 - 
No 
3.025 
2.669 
0.400 
1977 
8.9 
28.2 
9.3 
1.0 
17.6 
0 .5  
4 .1  
12.5 
24.6 
1.2 
10.3 
0.36 
3 
No 
3.208 
2.820 
0.400 
1920 
12.3 
33.2 
12.2 
2.0 
19.0 
0.6 
3.3 
11.5 
22.7 
0.9 
12.8 
0.38 
4 
No 
3.386 
2.964 
0.400 
1846 
17.8 
39.6 
17.0 
2.1 
23.5 
0.8 
2.9 
11.8 
22.1 
0.7 
16.1 
0.41 
5 - 
No 
3,565 
3.108 
0,400 
17 56 
25.9 
46.9 
22.3 
2.1 
28.8 
1.0 
2.7 
12.5 
22.7 
0.6 
19.9 
0.42 
6 
No 
3,758 
3.249 
0.400 
1672 
33.8 
51.3 
25.9 
2.2 
31.5 
1.4 
2.8 
14.2 
25.0 
0.6 
22.7 
0.44 
7 
No 
3.904 
3.375 
0.400 
1586 
40.6 
53,. 5 
28.0 
1.9 
34.0 
1 .5  
2.9 
16.3 
28.1 
0.6 
24.8 
0.46 
8 
No 
4.923 
4.388 
0.550 
1442 
48.6 
56.9 
40.5 
2.0 
53.6 
2.7 
5.9 
54.4 
56.7 
0.9 
30.3 
0.53 
9 
No 
4.906 
4.167 
0.650 
1363 
52.2 
58.7 
50.5 
2.8 
62 .O 
3.8 
5.8 
47.0 
78.5 
0.8 
47.6 
0.81 
10 11 
" 
Yes No 
4.933 5.027 
3.901 3.449 
0.850 1.000 
1283 1207 
55.7 58.8 
60.5 61.9 
62.7 63.3 
2.8 2.6 
68.3 68.5 
3.7 3.2 
10.8 8.7 
38.6 36.0 
139.1 110.0 
1.2 1.1 
57.1 51.0 
0.94 0.82 
NCYI'ES: (1)  Due to  shor t - te rm cent r i fuga l  loading  only  - thermal  expansion and creep  not  included 
(2) Buckets included 
minimum j u s t  above the hub. The p r imary  d i f f e rence  in  these  s t ages  
i s  the proximity of the mid-radius peak stress to  the  a l lowab le  th ree -  
year 0.1 percent   creep stresses. F u r t h e r  i t e r a t i o n s  would be d e s i r a b l e  
i n  s t a g e s  9 - 11, primari ly  because the allowable deformation stresses 
a r e  so  near ly   the  same as the  a l lowab le  f r ac tu re  stresses. I n  l a te r  
i t e r a t i o n s ,  a des i rab le  goa l  would be t o  ob ta in  a r a t i o  of average 
t angen t i a l  s t r e s s / a l lowab le  f r ac tu re  stress of 0.50 t o  hold the peak 
stresses w e l l  below t h e  f r a c t u r e  l e v e l .  
The  most c r i t i c a l  s t age ,  s t age  one, is analyzed i n  more d e t a i l  t h a n  
the  less c r i t i c a l  ones.  After reaching a so lu t ion  us ing  the  approaches  
previously outlined, the wheel with t i e  b o l t  head p l a t e  and torque 
tube i s  analyzed by t h e  ROTOR finite-element  computer  program.  With 
r o t a t i o n ,  a p re s su re  d i f f e ren t i a l  ac ross  the  whee l ,  a 12540 pound t i e  
bo l t  fo rce ,  bu t  no  the rma l  g rad ien t s ,  t he  e f f ec t ive  stresses of 
Figure 5.3-4 are obtained. The presence  of   the  s tage t w o  wheel is 
simulated by de fo rma t ion  r e s t r a in t s  on t h e  a f t  end of the torque tube. 
Acceptable stresses are found in the wheel and torque tube,  since the 
peak stress is  a t  the bore and only s l ight ly  exceeds the three-year  
0.5 percent   creep stress. Further   i terat ion  could  br ing  improvements ,  
but the peak stress cannot be greatly improved because of p r a c t i c a l  
l imitations  on  wheel  thi:ckness.  A c ros sp lo t  o f  t he  stresses through 
t h e  a x i a l  c e n t e r l i n e  o f  t h e  wheel would  show t h e  c h a r a c t e r i s t i c  stress 
d i s t r ibu t ion  o f  t he  p rev ious  f igu res .  
The peak effect ive stress o f  1 5  k s i  i n  t h e  t i e  b o l t  head p l a t e  
occurs  beneath  the  curvic  coupling.  This stress may be reduced by 
f u r t h e r  i t e r a t i o n  of the  head p l a t e  geometry. 
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KDTZM-1175  AT  2085OF 
3-YR  ALLOWABLE  RUPTURE  STRESS = 18,370 P S I  
0.5% CREEP STRESS = 13,700 P S I  
0.1% CREEP STRESS = 2,300 P S I  
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F i g u r e  5.3-4. E f f e c t i v e  S t r e s s e s  i n  S t a g e  1 o f  7+4 T u r b i n e  a t  19,200 rpm, 
With Torque Tube, Thrus t ,  and T iebo l  t Loads. 
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An a t tempt  was made t o  e l i m i n a t e  t h e  t ie bo l t  head  p l a t e  by  ma tch ing  
t h e  t ie  bolt   head  geometry t o  t h e  b o r e  of the  wheel .  The e f f e c t i v e  
stresses of F igu re  5.3-5 re su l t ed .  S ince  a peak  bore stress of 2 6  k s i  
r e s u l t e d ,  t h i s  d e s i g n  is unsuccessful  and would require  more i n v e s t i g a t i o n  
before the approach could be made workable. 
A i r fo i l  Stresses ,  Turbine Torque and Power 
A summary o f  r e p r e s e n t a t i v e  a i r f o i l  stresses, torque,  and  power 
produced by t h e  t u r b i n e  is shown i n  T a b l e  5.3-2.  The a i r f o i l  root 
stresses are t h e  most b a s i c  stresses i n  t h e  r o t o r  b e c a u s e  l i t t l e  can 
be done t o  v a r y  them  once the  f low pa th  geometry  and  ro ta t ive  speed  
is f i x e d .  For t h i s   s t u d y ,   t h e   a s s u m p t i o n s  w e r e  made t h a t  t h e  a i r f o i l s  
have a r o o t  area of A = 0.2363 c2, where c i s  t h e  a x i a l  c h o r d  o f  t h e  
s t a g e .  The fac tor   0 .2363 i s  der ived   f rom  pre l iminary   des ign  c r i t e r i a  
of Kamadoli  (Refidrence  5.3-1) for approximately one-inch wide symmetrical  
a i r f o i l s  w i t h  a t u rn ing  ang le  o f  60° and a p i t ch /chord  r a t io  o f  0 .667 .  
R 
I t  i s  f u r t h e r  assumed t h a t  t h e  r a t i o  b = t i p   s e c t i o n  area r o o t  s e c t i o n  area = 0.7 for 
l i n e a r l y  t a p e r e d  a i r f o i l s ,  a n d  a stress c o n c e n t r a t i o n  f a c t o r  of 1.05 
is  a p p l i e d  a t  t h e  a i r f o i l  roots. These c r i t e r i a  cannot   be   g rea t ly  
improved u n t i l  t h e  f i n a l  a i r f o i l  c o n t o u r  i s  f i x e d  i n  d e t a i l .  For a l l  
s t a g e s  e x c e p t  s t a g e  o n e ,  t h e  r o o t  stresses are well below the  a l lowab le  
three-year  0.1 pe rcen t   c r eep  stresses. For s t a g e   o n e ,   t h e  root stress 
i s  w e l l  below the  a l lowab le  th ree -yea r  0.5 pe rcen t  c r eep  stress - an  
e s t ima ted  c reep  ra te  of 0.13 p e r c e n t  o c c u r s  i n  t h r e e  y e a r s .  T h i s  w i l l  
have a minor e f f e c t  u p o n  a l l o w a b l e  i n i t i a l  t i p  c l ea rances .  
The bending stresses which r e s u l t  from the aerodynamic loads on 
t h e  a i r f o i l s  are i n s i g n i f i c a n t l y  low,  based upon t h e  a n a l y s i s  of t h e  
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3-YR  ALLOWABLE  RUPTURE  STRESS = 18,370 PSI  
0.5% CREEP STRESS = 13,700 P S I  
0.1% CREEP STRESS = 2,300 P S I  
190 P S I  
_t 
163 P S I  
z 
Y 
.I 
'v) 
3 
2 
Y 
" 
-1 .o -0.5 0 0.5 1 .o 
10,000 LB 
Figure 5.3-5. Effective  Stresses  in  Stage 1 o f  7+4 Turbine a t  19,200 rpm With 
Torque Tube, Thrust, and Tiebol t Loads (No Head Plate).  
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TABLE 5.3-2 
REPRESENTATIVE  BLADE STRESSES, TORQUE,  AND POWER I N  7+4 ~. TURBINE ~~ - 
Total Horsepower 
~~~ ." 
Torque Per Torque Per  Stage 
Stage Root Stress Bending Stress Stage Tq, XT HP 
No. De, psi ab, Psi in-lb in.-' hP 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
3290 
3660 
4220 
4840 
5500 
6430 
6950 
9000 
121  10 
22020 
241  50 
120 
110 
1  30 
150 
170 
200 
210 
100 
130 
170 
360 
125 
1  43 
156 
170 
182 
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204 
286 
259 
235 
212 
125 
267 
424 
593 
775 
969 
1172 
21  65 
1879 
1619 
1385 
38 
43 
48 
52 
55 
59 
62 
87 
79 
71 
65 - 
659 = total horsepower 
492 = total kilowatts 
airfoils as c a n t i l e v e r e d  beams wi th  minimum moments o f  i n e r t i a  similar 
t o  those  of the  three-s tage  potass ium turb ine  buckets .  
The  to rque  pe r  s t age ,  to ta l  torque  through each  s tage ,  and  horse-  
power produced  per  s tage  are l i s t e d  i n  o r d e r  t o  p r o v i d e  f a m i l i a r i z a t i o n  
with  the  magni tude of t h e s e  q u a n t i t i e s .  The most u s e f u l  of t h e s e  f o r  
fu r the r  mechan ica l  ana lys i s  is t h e  total  torque  t ransmi t ted  through 
each s tage,  which must  be carr ied by the torque tubes.  
Bucket Tip Clearances 
The rotor bucket t i p  c l e a r a n c e s  which are r e q u i r e d  i n i t i a l l y  i n  
o rde r  t o  ob ta in  0 .010- inch  r ad ia l  c l ea rances  a t  t he  end  o f  t h ree  yea r s  
of  running a t  design speed and temperatures  are shown by Figure  5.3-6. 
S tage  one ,  wi th  the  a l lowable  0.1 pe rcen t  c r eep  stress exceeded both 
i n  t h e  wheel  and i n  t h e  b u c k e t s ,  r e q u i r e s  a n  i n i t i a l  clearance of  
0.019 inch .  A l l  o t h e r   s t a g e s   r e q u i r e  less c l ea rance ,   and   s t ages  s i x ,  
s e v e n ,  e i g h t ,  and nine have par t icular ly  low creep rates which  produce 
less than  one m i l  o f  r a d i a l  c r e e p  d u r i n g  t h e  o p e r a t i o n  p e r i o d .  The 
s lopes of  the curves between 0 - 3 y e a r s  are merely estimates o f  t he  
g e n e r a l  t r e n d ,  s i n c e  d e t a i l e d  k n o w l e d g e  o f  t h e  c r e e p  c u r v e s  o v e r  t h i s  
per iod  of  time is not  known. 
D o v e t a i l  S t r e s s e s  
I n  o r d e r  t o  e s t a b l i s h  t h a t  s t a g e  t e n  of t h e  KTA t u r b i n e  i s  
s u f f i c i e n t l y  similar t o  s t a g e s  two and  three  of the  th ree - s t age  
t u r b i n e  t h a t  t h e i r  d o v e t a i l  stress and bucket  v ibra t ion  parameters 
can be conf iden t ly   app l i ed ,   F igu re  5.3-7 w a s  made. The  very close 
geomet r i ca l  s imi l a r i t y  l ends  conf idence  t o  the  use  of the developed 
a n a l y s i s  methods. 
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Figure 5.3-6. Rotor  Bucket  Tin Clearances f o r  74-4 Turbine. 
(S lope  of Curves Arbi t r a r y )  
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F i g u r e  5.3-7. Geomet r ica l   Compar ison o f  Ro to r   Bucke ts  - Stage 10 o f  
7+4 Tu rb ine  Versus  Th ree -S tage  Po tass ium Turb ine  
Stages 2 and 3. 
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The bucket  and  wheel  doveta i l  stresses are analyzed approximately 
as a p a r t  of t h e  basic mechan ica l  des ign  ana lys i s  p rogram by c a l c u l a t i n g  
a d o v e t a i l  n e c k  s e c t i o n  stress e q u a l  t o  t h e  c e n t r i f u g a l  forces of t h e  
a i r f o i l  p l u s  b u c k e t  d o v e t a i l  s e c t i o n  a b o v e  t h e  u p p e r  d o v e t a i l  n e c k ,  
d i v i d e d  by t h e  area a v a i l a b l e  f o r  the   bucke t   dove ta i l   neck .  The gross 
s e c t i o n  stress is m u l t i p l i e d  b y  f a c t o r s  d e r i v e d  from t h e  t h r e e - s t a g e  
tu rb ine  ana lyses ,  wh ich  re la te  t h e  g r o s s  s e c t i o n  stress t o  t h e  maximum 
combined stresses i n  t h e  b u c k e t  d o v e t a i l  a n d  t h e  w h e e l  d o v e t a i l .  A 
f u r t h e r  c r i t e r i o n  i s  t h a t  d o v e t a i l s  u o u l d  n o t  b e  d e s i r a b l e  i n  w h e e l s  
of small r a d i u s  i f  t h e  r e q u i r e d  number of buckets  is l a r g e  , because 
t h e  a v a i l a b l e  c i r c u m f e r e n t i a l  s p a c e  f o r  each  b l ade  would l e a d  t o  
d o v e t a i l  n e c k  s e c t i o n s  s o  small t h a t  u n d e c t e d  m i n o r  f a b r i c a t i o n  or 
material d i s c r e p a n c i e s  wou ld  cause  ca t a s t roph ic  f a i lu re .  
Table  5.3-3 shows t h e  r e s u l t s  of t h e  p r e l i m i n a r y  s c r e e n i n g  
a n a l y s i s  of dove ta i l  des ign  pa rame te r s  as made by t h e  basic  mechanical 
design  program. I t  shows t h a t  d o v e t a i l s  would  not   be  desirable  i n  
s t a g e s  1 - 8 of  the  tu rb ine  because  of t h e  small s p a c e  a v a i l a b l e  for 
d o v e t a i l s .  I t  would be  v e r y  d i f f i c u l t  t o  make d o v e t a i l s  work s a f e l y  
i n  t h e  las t  t w o  s t a g e s  of t h e  t u r b i n e  b e c a u s e  t h e  h i g h  c e n t r i f u g a l  
l o a d s  e x c e e d  t h e  a l l o w a b l e  f r a c t u r e  stresses, even  though these  are 
high.  Only i n  s t a g e  n i n e  d o e s  t h e  s c r e e n i n g  a n a l y s i s  i n d i c a t e  t h a t  a n  
a c c e p t a b l e  d o v e t a i l  s o l u t i o n  m i g h t  be found.   The   sc reening   ana lys i s  
p r e d i c t s  c o n s e r v a t i v e l y  h i g h  stresses. 
The d o v e t a i l s  for  s t a g e  t e n  are a n a l y z e d  i n  greater d e t a i l  by 
us ing  the  tang  geometry  and  ana ly t ica l  approach  which  were s u c c e s s f u l l y  
used i n  t h e  t h r e e - s t a g e  t u r b i n e ,  w i t h  t h e  v a l u e s  of b u c k e t  c e n t r i f u g a l  
force and  c i r cumfe ren t i a l  spac ing  wh ich  are p e c u l i a r  t o  t h e  KTA s t a g e  
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TARTAR 5.3-3 
DOVETAIL  MECHANICAL  DESIGN  PARAMETERS 
FOR 7+4 TURBINE (KDTZM-1175 MATERIAL) 
Stage Number 1 2  3  4  5 6 7  8 9 10  11 
”“”””-
I ED 
P 
W Deformation  Stress  k s i  2.3  8 912.3  17.8 25.9 33.8 40.6 48.6 52.2 55.7 8.8 
F r a c t u r e   S t s s  k s i  18.4  28.2 33.2 39.6 46.9 51.3 53.5 53.5 8.7 60.5 61.9 
Dovetail S t r e s s   k s i  12.8  14.2 16.4 18.8 21.2 24.8 6.8 34.4 46.3 63.0 92.3 
Neck Width i n .  0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.08  0.11 0.13 0.15 
t en .  The a n a l y t i c a l   r e s u l t s  are shown by Figure  5.3-8. The t i p  
shroud,  a i r f o i l  root,  bucket bottom tang, and wheel top tang stresses 
are s a t i s f a c t o r i l y  lower t h a n  t h e  allowable th ree -yea r  rup tu re  stress 
of 60,500 p s i  and 0.1 pe rcen t  c r eep  stress of 55,700 p s i .  However, 
the bucket top tang and wheel bottom tang combined stresses are s u f f i -  
c i e n t l y  close t o  t h e  a l l o w a b l e s  t h a t  a clear warning i s  sounded. A 
factor  of s a f e t y  w i t h  r e s p e c t  t o  f r a c t u r e  of more than  - = 1.10 
is  des i r ab le ,  because  a f avorab le  stress r e d i s t r i b u t i o n  c a n n o t  be 
r e l i e d  upon t o  p r e v e n t  y i e l d i n g  from proceeding  t o  c a t a s t r o p h i c  
f r a c t u r e .   T h e r e f o r e ,   t h e  existence of a n   a c c e p t a b l e   s o l u t i o n  t o  
t h e  s t a g e  t e n  d o v e t a i l  stress problem is  i n d i c a t e d ,  b u t  s e v e r a l  more 
i t e r a t i o n s  would  be d e s i r e d  t o  raise t h e  f a c t o r  of s a f e t y .  
60 500 
54910 
Bucket  Vibrat ion 
The bucke t  v ib ra t ion  ana lys i s  t echn ique  i s  a l so  based  upon t h e  
use  o f  t he  ana ly t i ca l  t echn iques  deve loped  f o r  the  th ree - s t age  po ta s s ium 
t u r b i n e ,  w i t h  c r o s s - s e c t i o n a l  a n d  s t i f f n e s s  p r o p e r t i e s  of those  a i r -  
f o i l s  used.  The  bucket c r i t i c a l  frequency i s  expressed  as a f u n c t i o n  
of a c o r r e l a t i o n   f a c t o r  C a i r f o i l   r a d i u s   o f   g y r a t i o n  r,  a i r f o i l  
n’ 
he igh t  HB, and material cons t an t  
r f = c  - K x 10 4 n  n 2 m  
HB 
Km : 
HZ 
C o r r e l a t i o n  factors were developed which allowed the above formula 
t o  p r e d i c t  t h e  b u c k e t  c r i t i c a l  f requencies  which were c a l c u l a t e d  by a n  
advanced computer program and observed on bench tests of sample buckets.  
Cor rec t ions  were made fo r  t he  absence  of t i p  s h r o u d s  i n  a l l  s t a g e s  
e x c e p t  s t a g e  t e n .  The basic geomet r i ca l  pa rame te r  o f  t he  bucke t s  
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BLADE  AND WHEEL MATERIAL: 
STAGE TEMPERATURE: 1283OF 
KDTZM-1175 
3-YEAR ALLOWABLE RUPTURE STRESS: 
TANGENTIAL 
SH  EAR STRESS 
MAX. COMBINED 
FILLET STRESS 
BLADE DOVETAIL WHEEL DOVETAIL 
STRESS  TOP  BOTTOM  STRESS  TOP  BOTTOM 
(PSI) TANG.  TANG. (PSI) TANG.  TANG. 
Oa 22720 12890 Oa 17830  19370 
O t  346 1 0 2561 0 O t  27980  45090 
7 20800  15480 7 12030  12750 
UC u 331  70 OC 38720 
Figure  5.3-8. D o v e t a i l   S t r e s s  i n  S tage   10  o f  7+4 Turbine.  
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is t h e  ra t io  of r a d i u s  of g y r a t i o n  d i v i d e d  by (a i r foi l  h e i g h t )  . While 
a i r fo i l  h e i g h t  i s  known, t h e  r a d i u s  of gyra t ion  cannot  be a c c u r a t e l y  
c a l c u l a t e d  u n t i l  t h e  d e t a i l e d  a i r f o i l  contours  are f ixed .   Therefore ,  
t w o  estimates of r a d i u s  of g y r a t i o n  were made for the buckets  which 
are s i g n i f i c a n t l y  smaller t h a n  t h o s e  of the  th ree - s t age  tu rb ine ,  bu t  a 
r ad ius  o f  gy ra t ion  (0.2 i n c h )  similar t o  t h a t  of the  th ree - s t age  tu rb ine  
buckets was assumed for  KTA buckets of similar s i z e .  The p r e d i c t e d  
bucket c r i t i ca l  f requencies  are shown on  Figure 5.3-9.  The lower 
na tu ra l  f r equenc ie s  o f  t he  sh rouded  s t age  t en  s t and  ou t  c lear ly  from 
those of the unshrouded buckets,  whose second and  th i rd  c r i t i ca l s  are 
of f -sca le .  The  lower first c r i t i c a l  f requencies  of s t a g e s  1 - 7 when 
r = 0 .1  inch  i s  assumed are shown. 
2 
Exc i t a t ion  f r equenc ie s  of r o t a t i n g  s p e e d  N times number of nozzle d 
vanes n are assumed t o  excite t h e  rotor buckets:  n 
N n  
d n  f = -  
e 60 
Figure 5.3-10 shows t h e  c a l c u l a t e d  e x c i t a t i o n  f r e q u e n c i e s ,  
circles i n d i c a t i n g  t h e  c o n d i t i o n  of exc i t a t ion  f r equency  wi th in  
H z  
wi th  
- + 10 
percen t  o f  t he  c r i t i c a l  frequency  of a s t a g e .  One method  of i n c r e a s i n g  
the  marg in  be tween  exc i t a t ion  and  na tu ra l  f r equenc ie s  is i n d i c a t e d  - 
tha t  o f  changing  the  exc i ta t ion  f requency  by va ry ing  the  number of 
nozzle vanes by an amount which does not  decrease eff ic iency 
unacceptably.  A better method of avoid ing  resonant  condi t ions  or 
decreas ing  the  chances  of c a t a s t r o p h i c  e x c i t a t i o n  i s  t h a t  of s t a g g e r i n g  
the   spac ing  of the  nozzle  vanes  (Reference  5.3-2).   This  produces 
a l a r g e r  number of exc i t a t ion  f r equenc ie s ,  bu t  each  has  dec reased  pu l se  
energy .  Resonant  condi t ions  wi th in  the  opera t ing  speed  range  were 
avoided i n  t h e  t h r e e - s t a g e  t u r b i n e  when t h i s  a p p r o a c h  was used. 
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F i g u r e  5.3-9. R o t o r   B u c k e t   C r i t i c a l   F r e q u e n c i e s   f o r  7+4 T u r b i n e .  
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Figure 5.3-10. Excitation  Frequencies for 7+4 Turbine. 
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The c a l c u l a t e d  numbers of rotor buckets and nozzle vanes upon 
which t h e  v i b r a t o r y  r e s p o n s e  c a l c u l a t i o n s  are based are shown i n  
Table  5.3-4, w i t h  n o z z l e  v a n e  c a l c u l a t i o n s  l i s t e d  a b o v e  a n d  rotor  
b u c k e t   c a l c u l a t i o n s  below. The s ta tor  axial  chords are t h o s e   s e e n  
on  the  tu rb ine  d rawings ,  be ing  p ro jec t ed  l eng ths  on a plane through 
t h e  c e n t e r l i n e  of r o t a t i o n ,  a n d  d i f f e r  from t h e  t r u e  s ta tor  chord 
l e n g t h s  from l ead ing   edge  t o  t r a i l i n g  e d g e .  T h e s e  v a l u e s  are assumed 
t o  b e  t h e  same, for computat ional  purposes ,  for t h e  ro tor  buckets .  
The p i t c h   d i a m e t e r s  D a n d   s o l i d i t y   p a r a m e t e r s  0 and 0 are l i s t e d ,  
w i t h  number of nozzle vanes and rotor buckets  computed by the formulas  
b e l o w .  They  compute t h e   p i t c h l i n e   c i r c u m f e r e n c e  n D  and   d iv ide  i t  i n t o  
equal   increments  of c/o o r  c/o p i t c h  s p a c i n g  a v a i l a b l e  p e r  a i r f o i l ,  
w h e r e  t h e  s o l i d i t y  p a r a m e t e r s  are t h e  r a t i o  o f  c h o r d  l e n g t h  t o  p i t c h :  
P N R 
P 
N R 
T U  D 
N o .  of  n zzle  vanes n = -  N P  n C 
n u  D 
N o .  of r o t o r   b u c k e t s  n = -  R P  
B C 
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TABLE 5.3-4 
” 
Stage 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
Stage 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
NUMIXR OF NOZZLE VANES AND ROTOF-BUCKETS 
FOR 7+4 TURBINE 
S t a t o r  
Axial 
Chord, i n .  
0.348 
0.348 
0.348 
0.348 
0.348 
0.348 
0.348 
0.480 
0.565 
0.700 
0.870 
Rot o r  
Axi a1 
Chord. i n .  
S t a t o r  
Chord, 
c,  i n .  
0.435 
0.435 
0.435 
0.435 
0.435 
0.435 
0.435 
0.600 
0.706 
0.875 
1.087 
Rot or 
Chord, 
c .  i n .  
0.40 
0.40 
0.40 
0.40 
0.40 
0.40 
0.40 
0.55 
0.65 
0.80 
1.0 
0.40 
0.40 
0.40 
0.40 
0.40 
0.40 
0.40 
0.55 
0.65 
0.80 
1.0 
Pi t ch  
Diameter 
Dp, i n .  
Sol idi ty ,  
uN 
5.37 
5.69 
6.03 
6.35 
6.67 
7.01 
7.33 
9.31 
9.07 
8.83 
8.48 
Pi t ch  
Diameter 
DD, i n .  
1.52 
1.53 
1.54 
1.54 
1.53 
1.52 
1.51 
1.50 
1.45 
1.41 
1.41 
Solidity,  
uR 
No. of 
Vanes 
59. 
63. 
67. 
71. 
74. 
77. 
80. 
73. 
59. 
45. 
35. 
No. of 
Buckets 
5.465 
5.765 
6.105 
6.430 
6.720 
7.060 
7.385 
9.265 
9.025 
8.785 
8.450 
1.70 
1.71 
1.72 
1.72 
1.71 
1.70 
1.65 
1.68 
1.54 
1.46 
1.43 
73. 
77. 
82. 
87. 
90. 
94. 
97. 
89. 
67. 
51. 
38. 
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5.4 TURBINE  ROTOR  CONSTRUCTION  AND  STRESSES 
Curvic Coupling 
The method of j o i n i n g  t h e  t u r b i n e  w h e e l s  t o  e a c h  o t h e r  by u t i l i z i n g  
cu rv ic  coup l ings  mach ined  in to  the  to rque  tubes  i s  i l l u s t r a t e d  i n  
F igu re  5.4-1. I n  t h e  t h r e e - s t a g e  t u r b i n e ,  t h e  TZM first s tage   wheel  
(with most d o v e t a i l  slots) was j o i n e d  t o  t h e  TZM second s tage wheel  
w i t h  f u l l - b a r r e l  t e e t h .  The TZM second  s tage  wheel  was j o i n e d  t o  
t h e  U-700 t h i r d  s t a g e  w h e e l  w i t h  h a l f - b a r r e l  t e e t h  t o  accommodate 
d i f f e r e n t i a l   t h e r m a l   e x p a n s i o n .  The s t age   t h ree   whee l  i s  j o i n e d  t o  
t h e  rotor s h a f t  ( b o t h  o f  U-700 material), w i th  a f u l l - b a r r e l  c u r v i c  
too th .  The  success fu l  u se  o f  t h i s  j o in ing  method i n  many r o t a t i n g  
machines ,  including the two-stage and three-s tage potassium turbines ,  
a t tes ts  t o  i t s  r e l i a b i l i t y  and i t s  e f f i c i e n c y  a s  a n  a x i a l  a n d  r a d i a l  
l o c a t i n g  d e v i c e .  A f t e r  1500 h o u r s  o f  t e s t i n g  o f  t h e  t h r e e - s t a g e  t u r b i n e ,  
n o  d e t e r i o r a t i o n  of t h e  c u r v i c  t e e t h  by d e f o r m a t i o n ,  g a l l i n g ,  s p a l l i n g ,  
f r e t t i n g ,  or cracking  could  be de t ec t ed .  
I n  o r d e r  t o  have a sa t i s f ac to ry  cu rv ic  coup l ing  a s sembly ,  t h e  t i e  
b o l t  mus t  supp ly  su f f i c i en t  force t o  overcome a l l  s e p a r a t i n g  f o r c e s  
under a l l  cond i t ions  t o  be  encountered.  A s  i n d i c a t e d  by  Figure 5.4-2, 
t h e  main  separa t ing  forces are components  of  the torque t ransmit ted 
t h r o u g h  t h e  t e e t h ,  t h e  moment which  bends  the  shaf t ,  and  the  axial  
t h r u s t .  The factors of s a f e t y  of t h e  t e e t h  are determined by t h e  
fo l lowing  c r i te r ia :  
- The allowable s h e a r  stress, e s t ima ted  ve ry  conse rva t ive ly  as 
t e n  p e r c e n t  of the  th ree -yea r  a l lowab le  rup tu re  stress, d iv ided  
by t h e  s h e a r  stress due t o  t h e  t o r q u e  f o r c e  a c t i n g  o n  t h e  r o o t s  
o f  t h e  c u r v i c  t e e t h .  
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3 
2 
1 
Figure  5.4-1. Curvic  Coupling Rotor Assembly. 
E 
- + - P,, F, 
1 
I 
G 
WHEEL 
G 
CURVIC 
Tq 1 CB tw F I I  
27 r 
F , = = t a n $ +  - ps 
Required tiebolt force = torque separating force 
+ moment separating force 
-thrust 
Figure 5.4-2. Curvic  Coupling  Forces. 
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- The a l lowab le  su r face  stress, es t ima ted  conse rva t ive ly  as 25 
percent  of  the three-year  a l lowable  0.1 pe rcen t  c r eep  stress, 
d iv ided  by t h e  t o r q u e  f o r c e  a c t i n g  o n  t h e  t o t a l  i n t e r f e r e n c e  
area between male and female teeth.  
- The three-year 0.1 pe rcen t  c r eep  stress d iv ided  by t h e  s u r f a c e  
equ iva len t  stress, a combina t ion  of  to rque ,  th rus t ,  and t i e  
b o l t  alrial force components. 
- The a v a i l a b l e  t i e  b o l t  a x i a l  f o r c e ,  e s t i m a t e d  t o  be a f t e r  t h r e e  
yea r s  65 p e r c e n t  o f  t h e  i n i t i a l  t i e  b o l t  f o r c e ,  d i v i d e d  by 
t h e  combined s e p a r a t i n g  f o r c e  due t o  components of t h r u s t ,  
torque, and moment. 
The s e p a r a t i n g  moment is c a l c u l a t e d  by the  ro to r  r e sponse  compute r  
program t o  be u n i n t e r e s t i n g l y  small under  most  opera t ing  condi t ions .  
A cr i ter ia  w a s  developed which would produce moments o f  apprec i ab le  
magnitude.  For t h i s  purpose ,  the  loss of one r o t o r  b l a d e  was assumed 
t o  produce a moment e q u a l  t o  t h e  b l a d e  c e n t r i f u g a l  f o r c e  times t h e  
d i s t ance  be tween  the  cen te r s  o f  t he  cu rv ic  coup l ing  and  the  whee l .  
T h i s  s i t u a t i o n  is  i l l u s t r a t e d  by Figure 5.4-3 with a synopsis  of  
p a r a m e t e r s  r e l e v a n t  t o  c u r v i c  c o u p l i n g  d e s i g n .  
S t a g e  z e r o  r e f e r s  t o  t h e  c u r v i c  b e t w e e n  t h e  t i e  b o l t  head p l a t e  
and  the  s t age  one  whee l ,  s t age  1 - 7 r e f e r s  t o  t h e  c u r v i c s  d o w n s t r e a m  
( a f t )  o f  s t a g e s  1 - 7, s t a g e  7.9 r e f e r s  t o  t h e  c u r v i c  j o i n i n g  s t a g e  
e i g h t  and a c o n i c a l  s t u b  s h a f t ,  s t a g e  8 - 11 r e f e r s  t o  t h e  c u r v i c s  
downstream(fwd) of stages 8 - 11, a n d  s t a g e  1 1 . 5  r e f e r s  t o  t h e  c u r v i c  
be tween the  forward  turb ine  bear ing  journa l  and  the  conica l  s tub  shaf t  
a d j a c e n t  t o  s t a g e  e l e v e n .  
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NO, of Whole Contact Dd.+  Shew Surface Surfam Clamping - 
r, t, Tewh Depth,  epth, Clearance, Stress Eq.Stress Fora 
Stage in. in. - in. In. In. F.S. F.S. F.S. F.S. 
0.068 
0.074 
2 1.88 0.34 0.084 
3 2.00  0. 6  32  0.082 
4 2.05  0.18 I I 
5 
6 
7 
7.9  2.90 I 60 0.061 
8 
9 
10 
11 
11.5  1.07  0.26  24
0.045 0.069 
0.060 0.073 
0.057 0.078 
0.056 0.078 
I 1  
0.042 0.066 
1 1  
38.6 9.3 1.2 
23.5 6.2 1.2 
15.6 4.8 1.3 
9.6 3.5 1.8 
8.3 3.6 2.3 
6.9 3.5 2.7 
6.0 3.3 3.2 
12.5 7.4 4.0 
7.2 4.3 4.2 
8.0 4.8 3.9 
9.5 5.9 4.2 
11.3 7.3 4.5 
2.6 1.8 2.5 
F i g u r e  5.4-3. Curvic   Coupl ing Summary. 
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The e n t r y  of Dedendum + Clearance" is a measure of  t h e  closest f r  
a l lowab le  axial approach of any  poin t  on  a wheel, for i n s t a n c e  t h e  
hub, t o  t h e  c e n t e r  of t h e  c u r v i c  j o i n t  i f  c l e a r a n c e  f o r  m i l l i n g  t h e  
c u r v i c  teeth is t o  be provided. 
The shea r  and  su r face  stress factors o f  s a f e t y  are qu i t -  accep tab le ,  
even  though conserva t ive  a l lowable  material p rope r ty  estimates were 
used. The surface e q u i v a l e n t  stresses are accep tab le ,   bu t   t he  
a l lowable  three-year  0.1 pe rcen t  c r eep  stress is  exceeded i n  s t a g e  
one. An a c c e p t a b l e  f a c t o r  o f  s a f e t y  r e s u l t s  when t h e  0.5 pe rcen t  
c r eep  stress is allowed. The clamping force factor of s a f e t y  is 
i n f i n i t e ,  b e c a u s e  a e r o d y n a m i c  t h r u s t  is greater than  t h e  torque and 
moment separating  components.  A nega t ive  t i e  b o l t  f o r c e  is r e q u i r e d  
f o r  equ i l ib r ium,  w h i l e  a p o s i t i v e  t i e  b o l t  f o r c e  is a lways  ava i lab le .  
The tu rb ine  cou ld  be h e l d  t o g e t h e r  by axial t h r u s t  a l o n e  o n c e  o p e r a t i n g  
cond i t ions  are reached.   Table  5.4-1 lists the  magni tude  of  t h r u s t  
deve loped  per  s tage  and  thrus t  summat ion  through the  se lec ted  turb ine  
des ign .  
Torque Tubes 
The r o t o r  t o r q u e  t u b e s  mus t  also wi ths tand  torque  (small on the  
first s t a g e  a n d  p r o g r e s s i v e l y  h i g h e r  a f t ) ,  a x i a l  c o m p r e s s i o n  d u e  t o  
t h r u s t  and t i e  b o l t  f o r c e ,  c e n t r i f u g a l  f o r c e s  d u e  t o  r o t a t i o n ,  t h e r m a l  
stresses, and  the  end  loads  r equ i r ed  to  match wheel and torque tube 
d e f l e c t i o n .  
The a n a l y s i s  assumes a mean r a d i u s  a n d  t h i c k n e s s  for a to rque  
t u b e  a n d  c a l c u l a t e s  its expansion as a free hoop under  the inf luence 
of cent r i fuga l   forces   on ly .   The   deformat ion   of   the   wheel  a t  t h e  
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TABLF: 5.4-1 
St   age 
1 
2 
3 
4 
5 
6 
7 
To ta l  H.P. Turbine 
11 
10 
9 
8 
To ta l  L.P. Turbine 
Total  Turbine 
THRUST IN 74-4 TURBINE 
Stage T h r u s t  
l b  (1)  
170 5 
284 
12 8 
15  
37 
56 
-2  56 
1969 
98 
- 55 
-81 
-7 14 
NOTES: ( 1 )   P o s i t i v e   a f t  
-7 52 
12  17 
Thrust Summation 
l b  
1705 
1989 
2  117 
2132 
2169 
2225 
1969 
2067 
2012 
1931 
12 17 
t o r q u e  t u b e  mean r a d i u s  i s  e x t r a c t e d  from t h e  ELASTIC  DISK computer 
output .   The  end force r e q u i r e d  t o  mate the  wheel  and  torqu?  tube  end 
is c a l c u l a t e d  b y  t h e  TORQUE Data N e t  computer program, using a beam 
on e l a s t i c  foundat ion  approach.  An e f f e c t i v e  stress is c a l c u l a t e d  
which  cons iders  the  stresses due t o  the  end  force, t o r q u e ,  t h r u s t ,  
t ie  bol t  l oad ,  and  cen t r i fuga l  force, assuming generous f i l l e t  r a d i i  
a t  t h e  j u n c t u r e  of torque  tube  and  wheel .  The allowable three-year  
0.1 p e r c e n t  c r e e p  stress is compared t o  t h e  c a l c u l a t e d  e f f e c t i v e  
stress, a n d  i t e r a t i o n s  are made u n t i l  a n  a c c e p t a b l e  s o l u t i o n  is reached 
The  changes i n  wheel stress and  deformation are c a l c u l a t e d .   F i g u r e  
5.4-4 s u m m a r i z e s  t h e  t o r q u e  t u b e  a n a l y s i s  r e s u l t s .  
The major problem areas are t h e  first f o u r  s t a g e s ,  where t h e  
e f f e c t i v e  stresses exceed  the  a l lowab le  0 .1  pe rcen t  c r eep  stress and 
t h e  0.5 p e r c e n t  c r e e p  stresses had t o  be used i n  o r d e r  t o  o b t a i n  a 
factor of sa fe ty   above   un i ty .  The magnitude of t h e  r e q u i r e d  e n d  l o a d s  
i s  l i s t e d  as Pmax. 
The ana lys i s  u sed  t o  develop  these  f igures  can  be  checked  by 
ana lyz ing  wheels  and  torque  tubes  toge ther ,  us ing  the  ROTOR f i n i t e -  
element  computer  program.  The close check  obtained from t h i s   t y p e  
of a n a l y s i s  of s t age  one ,  as p rev ious ly  r epor t ed ,  conf i rms  the  
approach. 
T i e  B o l t  
The t i e  b o l t  l o a d i n g  is  i n f l u e n c e d  by e l a s t i c  s t r a i n ,  c h a n g e  i n  
modulus  of e l a s t i c i t y  w i t h  t e m p e r a t u r e ,  d i f f e r e n t i a l  t h e r m a l  e x p a n s i o n ,  
stress r e l a x a t i o n ,   a n d   t h e   t h r e a d  form. The design  problem is  t o  
determine the assembly t i e  bol t  l o a d  w h i c h  g i v e s  t h e  i n i t i a l  h o t  
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+ 
1  1.55  1.05  0.66 
2  1.97  1.63  0.74 
3  2.13  1.87  0.86 
4  2.14  1.96 0.91 
5 
6 I 1 ::: 
7 
8 2.99  2.81  1.33 
10 
2075 
1960 
1890 
1825 
1755 
1680 
1505 
1415 
1385 
1305 
13.5* 10.2 1.32 
23.0* 16.1 1.43 
28.1* 19.2 1.46 
32.5" 21.1 1.54 
25.6 21.5 1.19 
33.3 21.9 1.52 
45.5 22.0 2.07 
50.0 37.8 1.32 
51.3 40.9 1.25 
54.8 40.1 1.37 
332 
-64 
89 
214 
352 
443 
506 
582 
1354 
1121 
= 3 year 0.5%  creep 
Figure 5.4-4. Torque  Tube Analysis - 7+4 Turbine. 
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t i e  b o l t  l o a d  f o r  m a i n t a i n i n g  a minimum a c c e p t a b l e  axial f o r c e  af ter  
three y e a r s  o f  r e l a x a t i o n .  The t i e  b o l t  d i a m e t e r  m u s t  be v a r i e d  
throughout  i ts  l e n g t h  i n  o r d e r  t o  h o l d  t h e  axial  stress and its 
r e l a t e d  e l a s t i c  deformat ion  h igh ,  even  though the  envi ronmenta l  
t empera ture   decreases   f rom  forward   to  a f t .  When t h i s  i s  done ,   the  
e f f e c t  o f  c r e e p  i n  t h e  h o t  s e c t i o n  o n  t h e  t i e  b o l t  a x i a l  f o r c e  i s  
m i  nimi  zed. 
The w o r s t  o p e r a t i o n  c o n d i t i o n s  f o r  a t i e  b o l t  c a n  o c c u r  i n  a 
s p l i t  s p o o l ,  c o u n t e r f l o w  t u r b i n e  i f  t h e  two t h r u s t s  p l a c e  t h e  t i e  
bo l t  i n  t ens ion  and  no  d imin i shmen t  o f  l oad  occur s  when t h e  b o l t  
p l a s t i ca l ly   de fo rms .   Wi th   t he  7+4 des ign ,   however ,   t he   ne t   t h rus t  
e f f e c t  is t o   d i m i n i s h   t h e  t i e  bo l t   l oad .  The d i f fe rence   be tween 
stress r e l a x a t i o n  and  creep i s  i l l u s t r a t e d  by F igu re  5.4-5. An 
i n i t i a l  s t r a i n  a p p l i e d  t o  a body i s  he ld   cons t an t .  The  stress 
decreases  suddenly ,  then  more g r a d u a l l y  as t h e  m a t e r k a l  p l a s t i c a l l y  
de fo rms  and  r educes  the  magn i tude  o f  t he  fo rce  r equ i r ed  to  p roduce  
a n  i n c r e m e n t  o f  s t r a i n  e q u a l  t o  t h e  o r i g i n a l  s t r a i n  m i n u s  t h e  p l a s t i c  
s t r a i n   ( a s s u m i n g   n o   d e c r e a s e   i n  material c r o s s - s e c t i o n a l  area). An 
unchanging  equi l ibr ium pos i t ion  i s  reached,  and the process  i s  c a l l e d  
stress relaxation.  With  creep,  however,  i f  a cons tan t   load   on  a body 
is  l a r g e  e n o u g h  t o  p r o d u c e  p l a s t i c  s t r a i n ,  n e c k i n g  o f  t h e  material 
o c c u r s  w i t h  i n c r e a s e d  s t r a i n  u n t i l  t h e  body t r a v e r s e s  t h r o u g h  s t a g e s  
I ,  11 ,  and 111 o f  c r e e p ,  f i n a l l y  l e a d i n g  t o  r u p t u r e  i f  t h e  time pe r iod  
i s  long enough. 
S t r e s s  r e l a x a t i o n  i n  t h e  t i e  b o l t  i s  obv ious ly  more d e s i r a b l e  
t h a n  c r e e p  w h i c h  p r o c e e d s  t o  c a t a s t r o p h i c  f a i l u r e  b e c a u s e  t h e  t e n s i l e  
l o a d s  are und imin i shed  du r ing  the  des ign  l i f e .  Re laxa t ion  will occur 
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STRESS RELAXATION vs - CREEP 
I e  (FIXED) 
STRESS 
STRAIN (CONSTANT) 
w 
TIME 
(EL'ASTIC) 
e P 
LOAD  (CONSTANT) 
c 
TIME 
F i g u r e  5.4-5. M a t e r i a l   P l a s t i c   D e f o r m a t i o n s .  
because  the  t i e  bol t  e x p e r i e n c e s  t h e  c o n s t a n t  s t r a i n  d e v e l o p e d  by 
t h e  c o n t r o l l e d  e l o n g a t i o n  of t h e  t i e  bol t  w i t h  r e s p e c t  to t h e  t o t a l  
l e n g t h  b e t w e e n  t h e  f o r w a r d  s i d e  of t h e  t i e  bol t  h e a d  p l a t e  a n d  t h e  
a f t  end of t h e  rotor s h a f t .  The th rus t ,  wh ich  a lways  acts a f t ,  t e n d s  
t o  u n l o a d  t h e  t i e  bol t .  
The t e m p e r a t u r e  d i s t r i b u t i o n  t h r o u g h  t h e  t i e  b o l t  i s  shown i n  
F i g u r e  5.4-6. I t  i s  based  upon  the THTD t r a n s i e n t  h e a t  t r a n s f e r  
computer c a l c u l a t i o n  e q u i l i b r i u m  c o n d i t i o n ,  w i t h  700'F b e a r i n g  l u b r i c a n t  
temperatures .  The same temperatures   would  occur   with 900'F l u b r i c a n t  
except  f o r  s l igh t ly  h igher  va lues  immedia te ly  benea th  and  ad jacent  
t o  t h e  b e a r i n g s  a n d  seals. The  modulus of e l a s t i c i t y  a n d  allowable 
stress of t h e  t i e  bol t  material v a r y  i n v e r s e l y .  An a t t e m p t  t o  hold 
t h e  t i e  bol t  a t  a cons t an t  h igh  stress (h igh  three-year  c reep  ra te)  
throughout  i t s  l e n g t h  by s e l e c t i v e  v a r i a t i o n  of i t s  d iameter  w i l l  
b e  d i f f i c u l t  t o  achieve because of t h e  h i g h e r  allowable c r e e p  stresses 
benea th  the  forward  bear ing .  
The stress d i s t r i b u t i o n  w h i c h  c a n  b e  a c h i e v e d  i n  t h e  t i e  b o l t  
by d i a m e t e r  v a r i a t i o n  i s  shown i n  F i g u r e  5.4-7.  The  "hot stress" 
curve  shows tha t  wi th  a compromise f o r  r e a s o n a b l e  t ie  b o l t  f o r g i n g  
geometry ,  the  three  year  c reep  stress l eve l s  benea th  s t ages  one  and  
t w o  are above  0 .1  pe rcen t ,  bu t  t he  0.1 p e r c e n t  l e v e l  c a n  be maintained 
through  s tage   seven .  I t  is al lowed t o  drop  t o  a lower c r e e p  rate 
u n t i l  0.1 p e r c e n t  is a g a i n  r e a c h e d  b e n e a t h  s t a g e  e i g h t ,  t h e n  d r o p s  
aga in .  The  "cold stress" curve  shows  the stress l e v e l s  r e q u i r e d  a t  
room temperature  t o  produce an assembly t i e  bol t  f o r c e  of 12,880 
pounds,  which  would become 10,000 pounds a t  ope ra t ing  t empera tu re  
because of t h e  c h a n g e  i n  m o d u l u s  o f  e l a s t i c i t y  a l o n e  ( d i f f e r e n t i a l  
218 
zzw- 
1800- 
1eoo- 
1400- 
t 1 z o o -  
eoo- 
I 1:: 
7 I r n  
1 
- 1400 
- ItOD 
- I w o  
- 100 
- mo 
Figure 5.4-6. Tie-Bolt   Temperature  Distr ibut ion  for  11 Stage, 19,200 rpm Turbine. 
a 
" 
70 
i ' O  
-I TO 
Figure 5.4-7. T i e  B o l t  S t r e s s  D i s t r i b u t i o n  for 11 Stage,  19,200 rpm Turbine. 
thermal  expans ion  effects neglec ted) .  By ho ld ing  the  creep rate as 
h igh  as poss ib l e  th roughou t  wh i l e  s t i l l  main ta in ing  a n  a c c e p t a b l e  
s a f e t y  margin, t h e  t i e  bolt  load  w i l l  d e c r e a s e  less wi th  each  inc remen t  
of s t r a i n  which  occurs .   This  statement i s  based upon the  shape  of 
a norma l  s t r e s s - s t r a in  cu rve ,  where  small changes of s t r a i n  cause 
la rge   changes  i n  stress when t h e  i n i t i a l  stress is  l o w .  A t  h igh  
i n i t i a l  stress l e v e l s ,  l a r g e  s t r a i n  v a r i a t i o n s  c a u s e  small v a r i a t i o n s  
i n  stress. The a v a i l a b l e  t ie  bol t  load  is, of cour se ,   t he  t ie  bolt 
stress area product .  
The effects  of d i f f e r e n t i a l  t h e r m a l  e x p a n s i o n  on t h e  t i e  b o l t  
load (changes i n  modulus of e l a s t i c i t y  i n c l u d e d )  is i l l u s t r a t e d  by 
Figure  5.4-8. With   the  rotor l e n g t h  lr of 35 inches  between t i e  b o l t  
head  and  nut ,  the  t i e  bol t  is 0.0110 i n c h  s h o r t e r  i n  t h e  room 
tempera ture   uns t ressed   condi t ion .  When the  assembly is  made (by 
s t r e t c h i n g  t h e  t i e  b o l t  h y d r a u l i c a l l y ,  n o t  by t o r q u i n g  t h e  t i e  bol t  
n u t ) ,  t h e  t i e  bol t  l e n g t h  m a t c h e s  t h a t  of t h e  ro tor ,  and a force of 
5100  pounds is d e v e l o p e d .   I n   t h e   h o t   c o n d i t i o n ,   t h e   r o t o r  grows 
0 .1295 inch  whi le  the  t i e  b o l t  grows 0.1035 inch, a d i f f e r e n c e  of 
0 . 0 2 6 0  i n c h  i n  l e n g t h  when u n s t r e s s e d .  S t r e t c h i n g  t h e  t i e  b o l t  by 
t h i s  amount  produces  the  des i red  10,000 pound f o r c e  a t  zero time. 
The r e l axa t ion  wh ich  occur s  ove r  t h ree  yea r s  will r educe  the  t i e  b o l t  
force to approximately 6500 p o u n d s ,  q u i t e  s a t i s f a c t o r y  s i n c e  t h e  
ae rodynamic  th rus t  forces a l o n e  m o r e  t han  ba lance  the  cu rv ic  coup l ing  
disassembly forces. The cold u n s t r e s s e d  l e n g t h  d i f f e r e n c e  of 0.0110 
i n c h  a n d  t h e  h o t  u n s t r e s s e d  l e n g t h  d i f f e r e n c e  of 0.0260 i n c h  d o  n o t  
add  up t o  t h e  0.0409 i n c h  of h o t  s t r e t c h  i n d i c a t e d  i n  t h e  f i g u r e .  The 
e x p l a n a t i o n  is t h a t  t h e  0.0110 i n c h  c o l d  s t r e t c h  p r o d u c e s  t h e  same 
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effect as 0.0150 i n c h  of h o t  s t r e t c h ,  c o n s i d e r i n g  t h e  modulus  change. 
Thus ,  t he  d i f f e ren t i a l  t he rma l  expans ion  be tween  rotor and t i e  bolt, 
which is c a u s e d  s o l e l y  by t empera tu re  d i f f e rences  and  no t  by material 
d i f f e r e n c e s ,  assists i n  d e v e l o p i n g  t h e  d e s i r e d  t i e  bol t  load and 
r e q u i r e s  lower assembly stresses. 
C o n i c a l  S t u b  S h a f t s  
The stresses i n  a t y p i c a l  c o n i c a l  s t u b  s h a f t  a n d  b e a r i n g  j o u r n a l  
are c a l c u l a t e d  by t h e  ROTOR f i n i t e  e l e m e n t  program.  The  applied  loads,  
t e m p e r a t u r e  l e v e l s ,  r e s u l t i n g  e f f e c t i v e  stresses, and allowable stresses 
are shown i n  F i g u r e  5.4-9. R e s t r a i n t s  are imposed  upon t h e  T i c  + 10% Cb 
b e a r i n g  j o u r n a l  t o  accoun t  fo r  t he  d i f f e ren t  t he rma l  expans ion  rates 
of t h e  t w o  materials. The stress map shows areas of stress c o n c e n t r a t i o n  
a t  t h e  e n d s  of t h e  c a r b i d e  j o u r n a l  c a u s e d  by d i f f e r e n c e s  i n  t h e r m a l  
growth. A t  n o  p o i n t  i n  t h e  s t r u c t u r e ,  however ,   do   the   e f fec t ive  
stresses c lose ly  approach  the  a l lowab le  th ree -yea r  0.1 pe rcen t  c r eep  
stress of t h e  KDTZM-1175 s h a f t  or t h e  u l t i m a t e  compress ive  s t r eng th  
of t h e  T i c  + 10% Cb j o u r n a l .  The a c c e p t a b i l i t y  o f  t h i s  t y p i c a l  
c o n i c a l  s t u b  s h a f t  i n d i c a t e s  t h a t  t h e  r e m a i n i n g  c o n i c a l  p o r t i o n s ,  w i t h  
lower the rma l  l eve l s  and  the rma l  g rad ien t s ,  p re sen t  no  unaccep tab le  
design problems.  
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5.5 CASING AND STATOR 
Nozzle Diaphragms 
The ROTOR f in i te  e lement  computer  program was used t o  stress 
ana lyze  seve ra l  t yp ica l  nozz le  d i aphragms .  The  s t age  t w o  diaphragm 
was s e l e c t e d  as t y p i c a l  of the  h igher  tempera ture  d iaphragms (s tage  
one i s  non-typical  because i t  is r e s t r a i n e d  by t h e  i n l e t  d u c t  b u l l e t -  
nose).  I t s  computa t ion   model   and   e f fec t ive  stress map is shown  by 
F igure  5.5-1. The  model  has 63 rec t angu la r   "b l ades"   0 .11   i nch   t h i ck ,  
w i t h  t h e  rest of t h e  model  being 360° r i n g s .  T h i s  c o n s t i t u t e s  a 
m o d e l i n g  d e v i a t i o n ,  s i n c e  t h e  ac tua l  diaphragms w i l l  be s p l i t  i n t o  
t w o  180° segments .   The  mechanical   design  pressures  are a p p l i e d  
forward  and a f t .  The o u t e r  r i n g  i s  f i x e d  t o  t h e  c a s i n g  a t  i t s  a x i a l  
c e n t e r p o i n t .  An a r t i f i c i a l  0 . 0 0 1  i n c h  r a d i a l l y  i n w a r d  c a s i n g  r e s t r a i n t  
i s  imposed a l l  a round  the  o u t e r  r i n g  t o  determine i t s  e f f e c t .  Note 
t h a t  s u c h  a r e s t r a i n t  c o u l d  o n l y  b e  d e v e l o p e d  i n  t h e  t r u e  case by a 
t empera tu re  d i f f e rence  o f  900'F be tween  the  cas ing  and  r ing  or by 
a p p l i c a t i o n  of a l a r g e  f o r c e  a t  a s s e m b l y ,  e i t h e r  of wh ich  can  eas i ly  be 
avo ided .   Th i s   r e s t r a in t   causes   peak  stresses which are twice t h e  
allowable r u p t u r e  stress of 7.5 k s i ,  t h e r e f o r e ,  s u c h  a r e s t r a i n t  
c o n d i t i o n  must be avoided.  The  loads  and stresses due t o  p r e s s u r e  
d i f f e r e n t i a l s  a l o n e  w i l l  be very  l o w ,  accord ing  t o  a d e f l e c t i o n  p l o t  
which is produced  wi th  the  stress c a l c u l a t i o n s .  
The stage seven nozzle  diaphragm is chosen as a n o t h e r  o n e  t y p i c a l  
of t h e  h i g h  p r e s s u r e  s t a g e s .  The a n a l y s i s  model i s  similar t o  t h a t  
of s t a g e  t w o ,  0.001 i n c h  of r a d i a l  r e s t r a i n t  a g a i n  i m p o s e d  r e q u i r e s  
a t e m p e r a t u r e  d i f z e r e n t i a l  of 750°F, far  h ighe r  t han  i s  expected.  
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The e i g h t  p s i  m e c h a n i c a l  p r e s s u r e  d i f f e r e n t i a l  a n d  80 vanes of stage 
seven are used.  The m a x i m u m  p r e d i c t e d  stress o f  23 k s i  shown i n  
F igu re  5.5-2 i n d i c a t e s  t h a t  e v e n  t h e  a r t i f i c i a l  r e s t r a i n t  c a n  be 
t o l e r a t e d  by t h e  T-111 material. However, Cb-1Zr a t  1680'F could 
not do so, nor could i t  w i t h s t a n d  t h e  d i f f e r e n t i a l  p r e s s u r e  stresses 
a lone .  The re fo re ,  T-111 is t h e  recommended c a s i n g  material for a l l  
t h e  h i g h  p r e s s u r e  t u r b i n e  s t a g e s .  The a n a l y s i s  model o f  t h e  same 
d i a p h r a g m  s p l i t  i n t o  180' segments i s  shown i n  F i g u r e  5.5-3. The 
t h i c k n e s s  p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  t h e  p a p e r  wary as shown 
i n  t h e  p r e v i o u s  f i g u r e .  To o b t a i n  a maximum o f  i n f o r m a t i o n ,  a r t i f i c i a l  
r a d i a l  c a s i n g  r e s t r a i n t s  o f  0.001 inch and 0.010 i n c h  were a p p l i e d  
a t  two p o i n t s .  The d a n g e r s  o f  s u c h  r e s t r a i n t s  are again  emphasized 
by the  h igh  stresses predic ted ,  which  reach  80 k s i  a t  t h e  0.010 inch  
r e s t r a i n t  a n d  e x c e e d  t h e  a l l o w a b l e  r u p t u r e  stress a t  t h e  0.001 inch  
r e s t r a i n t   ( p r o b a b l y   i r f l u e n c e d  by t h e  l a r g e r  r e s t r a i n t ) .  The r e s t r a i n t s  
will be avoided i n  t h e  ac tua l  case. 
H a v i n g  l e a r n e d  t h e  p e n a l t i e s  f o r  b u i l d i n g  r e s t r a i n t s  i n t o  n o z z l e  
d i aphragm des ign ,  t he  s t age  11 nozzle diaphragm w a s  analyzed without  
r e s t r a i n t  as a t y p i c a l  l o w  pressure  diaphragm. The  model  and stress 
map are shown i n  F i g u r e  5.5-4. The r e s u l t a n t  stresses were exceedingly 
low, being two ksi  maximum - w e l l  benea th  the  a l lowab le  rup tu re  stress 
of  21.5 k s i  f o r  Cb-1Zr. T h i s  material i s  recommended as s a t i s f a c t o r y  
f o r  t h e  low p res su re  s t ages .  
Casing 
The p r e s s u r e  stresses i n  t h e  c a s i n g  s u r r o u n d i n g  e a c h  s t a g e  o f  
t h e  t u r b i n e  are c a l c u l a t e d ,  u s i n g  c y l i n d e r s  o f  0.125 i n c h  t h i c k n e s s  
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o f  7+4 Turbine. 
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as t h e  a n a l y s i s  model. As Table 5.5-1 s h o w s ,  t h e  e f f e c t i v e  stresses 
are w e l l  below t he  a l lowab le  th ree -yea r  0.1 p e r c e n t  c r e e p  stress, w i t h  
factors of sa fe ty  f rom 1.4 - 22.9 i n  t h e  h i g h  p r e s s u r e  T-111 cas ing  and  
7 . 5  - 40.0 i n  the  low p res su re  Cb-1Zr casing. T h e s e  r e s u l t s  i n d i c a t e  
t h a t  o n l y  t h e  first t w o  or t h r e e  s t a g e s  of t h e  t u r b i n e  are l i k e l y  t o  
be   s t r e s s - l imi t ed .   The re fo re ,   t he   ca s ing   d imens ions  are determined by 
de fo rma t ion  cons ide ra t ions .  
The most important casing components with respect t o  d e f o r m a t i o n  
are the  bea r ing  hous ing  suppor t  frames. T h e i r  d e f l e c t i o n  rates can  very 
se r ious ly  a f f ec t  t he  pe r fo rmance  o f  t he  bea r ings  because  they  are a 
s p r i n g  i n  series w i t h  t h e  b e a r i n g  f l u i d  f i l m .  I f  t h e  h o u s i n g  i s  t o o  
s o f t ,  t h e  b e a r i n g  l o a d  d e f l e c t s  t h e  h o u s i n g  i n s t e a d  o f  d e v e l o p i n g  t h e  
h y d r o d y n a m i c  p r e s s u r e s  i n  t h e  b e a r i n g  a n d  t h e  t h i n  f l u i d  f i l m  r e q u i r e d  
f o r  good  damping. I n  t h i s  case, the   dynamic   r e sponse   o f   t he   ro to r  
can be v e r y  a d v e r s e l y  a f f e c t e d ,  u n t i l  t h e  r o t o r  d e f l e c t i o n  e x c e e d s  t h e  
c l e a r a n c e  i n  t h e  b e a r i n g  a n d  c a t a s t r o p h i c  r u b b i n g  o c c u r s .  
P r e l i m i n a r y  c a l c u l a t i o n s  i n d i c a t e  t h a t  t k  pierced  cone  p lus  webs 
o f  t he  tu rb ine  fo rward  bea r ing  suppor t  s t r u c t u r e  i s  a d e q u a t e l y  s t i f f  
t o  suppor t   t he   expec ted   l oads   w i thou t   excess ive   de f l ec t ion .  The 
complex i ty  o f  t he  s t ruc tu re ,  shown i n  F i g u r e  5.5-5, makes a n  e x a c t  
a n a l y s i s  v e r y  d i f f i c u l t .  By c a l c u l a t i n g  t h e  moment o f  i n e r t i a  o f  t h e  
s t r u c t u r e  a b o u t  a d i ame te r  of t h e  r o t o r  a t  d i s c r e t e  s t e p s  a n d  a p p l y i n g  
a u n i t  l o a d  a t  t h e  p i v o t  p i n  o f  a bear ing  pad ,  the  response  may be 
es t ima ted .  A d e f l e c t i o n  rate of  more t h a n  lo7 l b / in .  w a s  c a l c u l a t e d ,  
which is  s u f f i c i e n t l y  h i g h  t o  c a u s e  n o  s i g n i f i c a n t  d e t e r i o r a t i o n  o f  
bearing  performance.  The t r u e  pe r fo rmance  o f  t he  s t ruc tu re  would be 
best determined by f a b r i c a t i n g  a n d  t e s t i n g  a model. 
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TABLE 5.5-1 
CASING PRESSURE  STRESSES 
(0.125  In. Wall Clyinders Assumed) 
Stage Effective 3-Y ear 
No. Stress, Material Temp., 0.1 % Creep FSe - ksi - OF Stress, ksi - 
8 
9 
10 
11 
3.5 
3.3 
3.0 
2.5 
1.9 
1.5 
1.1 
0.8 
0.5 
0.3 
0.2 
T-1 I11  2085 
1975 
1920 
1845 
1755 
1670 
1585 1 
Cb-1Zr 1440 
1365 
1285 
1205 
5.0 
8.6 
10.8 
13.5 
17.3 
21.1 
25.2 
6.0 
6.8 
7.5 
8.0 
1.4 
2.6 
3.6 
5.4 
9.1 
14.1 
22.9 
7.5 
13.6 
25.0 
40.0 
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Figure 5.5-5. Forward  Turbine  Bearing  Support  Structure. 
The s t i f f n e s s  of t h e  a l t e r n a t o r  e n d  bell  b e a r i n g  s u p p o r t  s t r u c t u r e ,  
which is similar t o  t h e  t u r b i n e  e n d  b e l l ,  h a s  b e e n  e s t i m a t e d  a t  6 x 10 
lb / in .  Th i s  rate is low enough t h a t  i t s  effects on bear ing performance 
can be noted as a d e c r e a s e  i n  t h e  c r i t i c a l  s p e e d  o f  t h e  rotor. The 
end  be l l s  have  no t  ye t  been  r edes igned  to  s ign i f i can t ly  raise t h e i r  
s t i f f n e s s e s ,  b u t  no p a r t i c u l a r l y  d i f f i c u l t  obstacles would prevent making 
the  requi red  changes ,  such  as t e rmina t ion  o f  t h e  end bell cone d i r e c t l y  
outboard  of  the  bear ing  p ivot  p ins  to  e l imina te  cant i levered  components ,  
use of gusses t ,  and  similar approaches.  
5 
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5.6 T H E W  CONS1  DERATI ONS 
Dif fe ren t ia l  Thermal  Expans ion  
Desp i t e  t he  h igh  t empera tu re  l e v e l s ,  the problem of d i f f e r e n t i a l  
t he rma l  expans ion  be tween  the  tu rb ine  ro to r  and  stator components i s  not 
a se r ious  one ,  since a l l  the  pr imary  materials are r e f r a c t o r y  metals 
with  very similar coeff ic ients   of   thermal   expansion.   These small 
d i f f e r e n c e s  c a n  c a u s e  m a j o r  d i f f i c u l t i e s  when t h e y  r e s u l t  i n  i n t e r f e r e n c e  
of  components.  Between t h e  s t a t i c  and  rotating  components,  however, 
r e l a t i v e l y  g e n e r o u s  a x i a l  t o l e r a n c e s  o f  0.060 i n c h  o r  g r e a t e r  c a n  be 
p rov ided  wi thou t  s e r ious ly  a f f ec t ing  the  des i r ed  f low pa th .  The 
tempera ture  grad ien ts  be tween the  ro tor  and  the  cas ing  a t  a p a r t i c u l a r  
ax i a l  s t a t i o n  arg r e l a t i v e l y  small, and very l i t t l e  r a d i a l  c l e a r a n c e  a t  
b l a d e  t i p s  i s  r e q u i r e d  f o r  d i f f e r e n t i a l  t h e r m a l  e x p a n s i o n .  
The s teady-s ta te  condi t ions  of  thermal  equi l ibr ium cause  less 
d i f f e ren t i a l  t he rma l  expans ion  p rob lems  than  do  the  t r ans i en t  s t a r t -up  
conditions  assumed. The t r a n s i e n t  h e a t  transfer  computer  program  used 
r equ i r e s  p rope r  the rma l  p rope r t i e s  o f  t he  materials involved and surface 
interface conductance assumptions similar t o  t h o s e  s u c c e s s f u l l y  u s e d  
i n  t h e  t h r e e - s t a g e  t u r b i n e  a n a l y s i s .  The  t u r b i n e  w a s  assumed t o  be 
s lowly  p rehea ted  to  the rma l  equ i l ib r ium a t  600°F,  then  ins tan taneous ly  
s u b j e c t e d  t o  f u l l  cycle t e m p e r a t u r e  ( a l l  s t a g e s  a t  t h e i r  d e s i g n  t e m p e r a t u r e ) .  
The r e s u l t i n g  e q u i l i b r i u m  t e m p e r a t u r e s  are shown by Figure 5.6-1.  For 
t h i s  mode l ,  t he  bea r ing  lub r i can t  cav i t i e s  were assumed t o  be a t  700°F 
and the  f lex ib le  d iaphragm coupl ing  a t  400°F, both several  hundred 
degrees   coo le r   t han   t he   f i na l   a s sumpt ions .  The pr imary  conclusions  of  
t he  the rma l  ana lys i s ,  fo r  bo th  the  t r ans i en t  and  s t eady- s t a t e  cond i t ions ,  
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F i g u r e   5 . 6 - 1 .   G e n e r a l   T u r b i n e   T e m p e r a t u r e   D i s t r i b u t i o n .  
are shown on Figure 5.6-2. The s ta tor  t o t a l  growth  and rotor t o t a l  
growth are b o t h  r e f e r e n c e d  t o  t h e  common p o i n t  of t h e   a f t  face of t h e  
t h r u s t  b e a r i n g  r u n n e r .  The  summation  of  expansions  of  each  element  of 
t h e  c a s i n g  s t r u c t u r e  a l o n g  t h e  most direct  p a t h  t o  t h e  f o r w a r d  s i d e  of 
t h e  stage one t i p  seal and the summation of expansions of each rotor 
e lement  a long  the  most  d i rect  p a t h  t o  t h e  f o r w a r d  s i d e  of t h e  s t a g e  o n e  
wheel were ca lcu la t ed .  The  d i f f e rence  be tween  these  two  va lues  ind ica t e s  
the  magnitude of t h e  axial  thermal  expansion  problem. Less t h a n  0.030 
inch of  axial  c l e a r a n c e  i s  requ i r ed ,  even  a t  s t a r t - u p ,  f o r  d i f f e r e n t i a l  
thermal  expansion between rotor .  and s ta tor .  The m a x i m u m  radial  
d i f f e r e n t i a l  i s  less than  0.005 inch .   Therefore ,   an  axial  c l ea rance   o f  
0.060 i n c h  b e t w e e n  r o t a t i n g  a n d  s t a t i o n a r y  p a r t s  is s a t i s f a c t o r y ,  a n d  t h e  
achievement of 0.010 i n c h  radial  t i p  c l e a r a n c e s  a t  e q u i l i b r i u m  is  a 
reasonable  goa l .  
The t empera tu re  d i f f e rences  be tween  the  t i e  bo l t  and  t h e  r o t o r  p a t h  
which  inc ludes  the  torque  t u b e s ,  t he  whee l  t h i cknesses  a t  t o r q u e  t u b e  
r a d i i ,  t h e  c o n i c a l  s t u b  s h a f t s ,  and t h e  b e a r i n g / s e a l  j o u r n a l s  h e l p  t o  
load the t ie  bol t .   Therefore ,  less t ie  bo l t   de fo rma t ion  is  r e q u i r e d  
a t  assembly t o  produce a d e s i r e d  axial  load a t  o p e r a t i n g  c o n d i t i o n s .  
T h i s  e f f e c t  h a s  b e e n  p r e v i o u s l y  p r e s e n t e d .  
\ 
I n s u l a t i o n  
The m u l t i - f o i l  i n s u l a t i o n  selected t o  reduce t h e  r a d i a t i o n  losses 
f rom the  tu rb ine  will s u r r o u n d  t h e  e n t i r e  t u r b i n e  p a c k a g e  i n s t e a d  o f  
individual   components ,   such as t h e   c r o s s o v e r   d u c t s .  As shown by 
F igure  5.6-3, a c o n i c a l  s e c t i o n  i n t i m a t e l y  s u r r o u n d s  t h e  h o t  i n l e t  
duc t  and  h igh  p res su re  tu rb ine  cas ing ,  w i t h  c l o s e d  c y l i n d e r s  s u r r o u n d i n g  
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STATOR TOTAL GROWTH 6,, -! 
e ROTOR TOTAL GROWTH 6,, ~. "4 
0 RESULTS 
MAX. AXIAL A6 < 0.030 IN.  (START-UP) 
MAX. RADIAL A U  < 0.005 IN. (START-UP) 
0 CONCLUSIONS 
USE 0.060 IN.   AXIAL ROTOR-STATOR  CLEARANCE 
0.010 IN.  RADIAL CLEARANCE I S  SATISFACTORY 
Figure 5.6-2. D i f f e ren t i a l  Thermal  Expansion Between Rotor and S t a t o r .  
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WITH HONEYCOMB BACKING 
Figure 5.6-3. Thermal Insulation o f  7+4 Turbine. 
the  remainder  of t h e  c a s i n g  a n d  t u r b i n e - a l t e r n a t o r  s u p p o r t  s t r u c t u r e .  
The m a x i m u m  d i a m e t e r  o f  t h e  i n s u l a t i o n  i s  27 i nches .  
The i n s u l a t i o n  is composed of  80 l a y e r s  o f  0.001 i n c h  Mo and N i  
f o i l  separa ted  by  micron-s ize  ZrO particles, w i t h  a t o t a l  th i ckness  o f  2 
0.125 inch .  The l a y e r s  o f  f o i l  are backed by 0.250 i n c h  of Cb-1Zr 
honeycomb f o r  s t r e n g t h .  T h i s  t y p e  o f  i n s u l a t i o n  u s e s  t e c h n o l o g y  
developed   for   the   Brayton   Cycle  Heat Receiver  program.  With a t o t a l  
weight of 40 p o u n d s ,  t h e  t o t a l  h e a t  loss  o f  t h e  t u r b i n e  a t  normal 
o p e r a t i n g  t e m p e r a t u r e s  i s  h e l d  t o  0.2 kw, which i s  cons ide red  accep tab le .  
Approximately 50 p e r c e n t  of t h i s  l o s s  o c c u r s  a t  t h e  j o i n t s  b e t w e e n  
d i f f e r e n t  g e o m e t r i e s ,  w h e r e  t h e  i n s u l a t i n g  e f f i c i e n c y  o f  t h e  m u l t i - f o i l s  
cannot  be  main ta ined  despi te  compl ica ted  and  expens ive  fabr ica t ion  methods .  
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5.7 TURBINE-ALTERNATOR  COUPLING 
The  tu rb ine -a l t e rna to r  coup l ing  is analyzed by the methods presented 
i n  t h e  P h a s e  I d iscuss ion .  Wi th  a t o t a l  t o r q u e  of 1,385 i n . - l b  t o  be 
transmitted i n  s t e a d y - s t a t e  o p e r a t i o n ,  t h e  t o r q u e  i m p o s e d  o n  t h e  d e s i g n  
was 3,632 i n . - l b  f o r  s t e a d y  s ta te  and 10,895 in . - lb  for  overload stress 
computations.  A c y c l i c   t o r q u e   o f  t e n  p e r c e n t  of tk cont inuous   to rque  
was assumed. The combined cond i t ions  o f  - + 0.0125-inch axial misalignment,  
0.3 d e g .  m i s a l i g n m e n t  o f  t h e  c e n t e r l i n e s  o f  t h e  t u r b i n e  a n d  a l t e r n a t o r  
s h a f t s ,  a n d  0.003 i n c h  p a r a l l e l  o f f s e t  m i s a l i g n m e n t  o f  s h a f t s  were 
assumed.  The f a b r i c a t i o n  material chosen w a s  18 pe rcen t  N i  maraging 
steel, which i s  compatible with the assumed temperature limit of 800'F 
\ 
i n  t h e  c o u p l i n g  z o n e .  
The phys ica l  d imens ions  of  the  coupl ing  se lec ted  are shown by 
F igure  5.7-1.  The 1.5 i n c h  f l o a t i n g  s h a f t  l e n g t h  is cons ide rab ly  
s h o r t e r  t h a n  t h e  l e n g t h  assumed i n  t h e  P h a s e  I s t u d i e s ,  b u t  t h e  d e s i g n  
i s  s a t i s f a c t o r y .  The coupl ing i s  j o i n e d  t o  t h e  t u r b i n e  by a h a l f - b a r r e l  
curv ic  coupl ing ,  which  a l lows  the  d i f fe ren t  thermal  expans ions  of  the  
TZM t u r b i n e  r o t o r  a n d  t h e  18 p e r c e n t  N i  t o  o c c u r  w i t h o u t  a d v e r s e  a l i g n -  
ment o r  stress e f f e c t s .  A TZM sha f t  nu t  r e t a ins  engagemen t  o f  t he  
c u r v i c  c o u p l i n g  t e e t h .  A similar cu rv ic  coup l ing  on  the  a l t e rna to r  end  
o f   t he   f l ex ib l e   d i aphragm  coup l ing   comple t e s   t he   a s sembly .   In   t h i s  
case,  however,  the axial  r e t e n t i o n  f o r c e  is provided by m u l t i p l e  s m a l l  
bo l t s .   S ince   t he   coup l ing   a s sembly  i s  t h e  f i n a l  r o t o r  a s s e m b l y  o p e r a t i o n ,  
i t  is n e c e s s a r y  f o r  t h e  a f t  c o u p l i n g  j o i n t  t o  be made wi th  bo l t s  wh ich  
are e x t e r n a l l y  a c c e s s i b l e .  The c u r v i c  f l a n g e s  o f  b o t h  s h a f t s  are j o i n e d  
t o  t h e  s h a f t s  w i t h  low stress c o n c e n t r a t i o n  - e s p e c i a l l y  d e s i r a b l e  f o r  
t h e  b r i t t l e  material. 
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TZM 
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TURBINE 
CRITICAL SPEEDS FOR FLOATING  SHAFT 
AXIAL 36,460 rpm 
TRANSLATIONAL/ROTATIONAL 162,505 
TORS I ONAL 247,858 
TORS I ONAL 44,561 
(TURBINE AND ALTERNATOR ROTORS) 
Figure 5.7-1. Flexible Diaphragm Couplinq Connecting KTA Turbine to Alternator. 
The cri t ical  speeds of t h e  f l o a t i n g  s h a f t  dictated some of t h e  
flexible coup l ing   des ign   dec i s ions .  The a e a l  c r i t i ca l  speed  of 36,460 
rpm is 1.9 times t h e  o p e r a t i n g  s p e e d  of 19,200 rpm. The t r a n s l a t i o n a l /  
r o t a t i o n a l  a n d  t o r s i o n a l  c r i t i c a l  s p e e d s  ( w i t h  o n l y  t h e  i n e r t i a  of t h e  
f l oa t ing  s h a f t   c o n s i d e r e d )  are much h ighe r .   The   t o r s iona l  c r i t i ca l  
s p e e d  w i t h  t h e  i ne r t i a  of t h e  t u r b i n e  a n d  a l t e r n a t o r  rotors  cons idered  
is 44,561 rpm (2.3 ND). I t  is b e l i e v e d  t h a t  t h e s e  m a r g i n s  are acceptable. 
The o p e r a t i n g  e x p e r i e n c e  of GE-NSP wi th  f lexible  diaphragm couplings 
i s  r e p r e s e n t e d  by t h e  one used as a par t  of the  th ree - s t age  po ta s s ium 
t u r b i n e  d r i v e  t r a i n ,  a n d  w h i c h  h a s  o p e r a t e d  s a t i s f a c t o r i l y  for  1500 
hours  of t e s t i n g .   T h i s   c o u p l i n g  i s  shown  by F igu re  5.7-2.  Misalignments 
similar t o  or even  less than those assumed for t h i s  s t u d y  were achieved  
a t  assembly. 
The s a f e t y  of t h e  s e l e c t e d  f l ex ib l e  diaphragm coupl ing design 
w i t h  r e s p e c t  t o  to r s i . sna1  shea r  stress is  i l l u s t r a t e d  by F igu re  5.7-3. 
The d e s i g n  c o n d i t i o n  w i l l  produce stresses s i g n i f i c a n t l y  b e l o w  t h o s e  
allowable f o r   f r a c t u r e ,   b u c k l i n g ,   c o n t i n u o u s   d u t y .   U s i n g   t h e   h i g h  
t o r q u e  v a l u e s  p r e v i o u s l y  c i t e d ,  t h e  f a c t o r  of s a f e t y  w i t h  r e s p e c t  t o  
buck l ing  exceeds  21  for s t e a d y - s t a t e  o p e r a t i o n  a n d  e x c e e d s  f i v e  f o r  t h e  
maximum torque .  
S a f e t y  of t h e  c o u p l i n g  d e s i g n  w i t h  r e s p e c t  t o  t h e  e f f e c t i v e  b e n d i n g  
stresses caused by t h e  s h a f t s '  m i s a l i g n m e n t s  i s  i n d i c a t e d  by F igu re  
5 .7-4 .   Again ,   the   des ign   po in t   condi t ion  is apprec iab ly   be low  the  
allowable f a i l u r e  or cont inuous   du ty  stresses. The f a c t o r  of s a f e t y  
w i t h  respect t o  the  con t inuous  du ty  allowable stress, i tself  a q u i t e  
conservative  number,  is 2.4.  The s i g n i f i c a n c e  of t h i s   m a r g i n  upon t h e  
assumed misalignments i s  i l l u s t r a t e d  by Figure 5.7-5, which maps t h e  
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Figure 5.7-2. Flexible Diaphragm Coupling. 
244 
200 
150 
100 
50 
0 
C O N T ~ ~ ~ ~ ~ ~  D U T ~  
DESIGN  POINT 
1 I I I I 
.007 .008 .009 .004 .005 .006 .003 
”- 
I I e” 
MIN. DIAPHRAGM THICKNESS (AT A)  - TA 
RADIUS A A 
”
F i g u r e  5.7-3.  Maximum A l l o w a b l e   D i a p h r a g m   T o r s i o n a l   S t r e s s   L e v e l s .  
200 
OF FAILURE 
TRANS1  ENT  DUTY 
0.01% PROBABILITY OF FAILURE 
to + 
Q, z 
W 
a 
W > 50 -CONTINUOUS  DUTY  ALLOWABLE 
t; 
8 POINT 
LL DESIGN W 
L L  
W 
0 I I I I I 
103 lo4 1 o5 1 o6 1 o7 1 o8 1 o9 1010 1011 lo1* 
CYCLES 
Figure 5.7-4. Maximum  Allowable  Diaphragm  Effective  Bending  Stress  Levels. 
1,25 
1 .oo 
0 
W 
a 
n 
I 
N 
a. 
0.75 
5 
5 
w 
a 
Y 
\ 
- DESIGN  POINT - 
i 
T 
IACCEPTABLE DESIGN REGU I N  
EFFECTIVE  BENDING  STRESS = 
4 EFFECTIVE  COMBINED STRESS = 50,000 PSI 
0 0.025 0 . 050 0.075 0.100 0. 
AXIAL HISALIWHENT, 2X - INo 
75 
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r e g i o n  of misalignments which are allowable i n  o r d e r  t o  have an  
e f f e c t i v e  b e n d i n g  stress or  e f f e c t i v e  combined stress ( t o r s i o n a l  
s h e a r  stress inc luded)  of less t h a n  50 ksi .   These  misal ignments   must  
no t  be exceeded a t  o p e r a t i n g  c o n d i t i o n s ,  w h i c h  c o u l d  r e q u i r e  t h a t  
e n t i r e l y   d i f f e r e n t   m i s a l i g n m e n t   c o n d i t i o n s  be met a t  assembly.  The 
pr imary source of changes i n  m i s a l i g n m e n t s  is the  thermal  expans ion  
of a l l  components i n  t h e  l o o p :  f l e x i b l e  c o u p l i n g ,  t u r b i n e  s h a f t ,  a f t  
t u r b i n e  b e a r i n g  a n d  h o u s i n g ,  t u r b i n e  c a s i n g ,  t u r b i n e - a l t e r n a t o r  
connec t ing  frame, a l t e r n a t o r  h o u s i n g ,  fwd a l t e r n a t o r  b e a r i n g  a n d  h o u s i n g ,  
a l t e r n a t o r   s h a f t ,   f l e x i b l e   c o u p l i n g .   W i t h   r e a s o n a b l e  similar tempera tures  
a n d  c o e f f i c i e n t s  of t h e r m a l  e x p a n s i o n  t h r o u g h  t h i s  l o o p ,  t h e  s e l e c t i v e  
assembly misalignments of the  f l ex ib l e  d i aphragms  can  be made t o  compensate 
fo r  d i f f e ren t i a l   t he rma l   expans ions .   Fo r   i n s t ance ,  i f  o p e r a t i n g   c o n d i t i o n s  
produce more deformation i n  t h e  ro tor  t h e r m a l  l o o p  t h a n  i n  t h e  s t a to r  
thermal  loop,  the diaphragm centers  would be de f l ec t ed  toward  each  
o ther ,   p roducing   bending  stresses. However, the  diaphragm  could be 
a s s e m b l e d  w i t h  t h e i r  c e n t e r s  d e f l e c t e d  away from e a c h  o t h e r  so t h a t  
t he   bend ing  stresses d u r i n g  o p e r a t i o n  are l a r g e l y  e l i m i n a t e d .  The 
h igh  a l lowab le  s t a t i c  a n d  t r a n s i e n t  e f f e c t i v e  b e n d i n g  stresses allow 
compensation for  a p p r e c i a b l e  d i f f e r e n t i a l  t h e r m a l  e x p a n s i o n .  
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5.8 INSTRUMENTATI ON 
T h e  i n s t r u m e n t a t i o n  r e q u i r e d  for p r o p e r l y  m o n i t o r i n g  t h e  t u r b i n e  
opera t ion  must  be i n c l u d e d  i n  t h e  d e s i g n  from i ts  incep t ion  because  
of t h e  extreme d i f f i c u l t i e s  l i k e l y  t o  be e n c o u n t e r e d  i n  p e n e t r a t i n g  
the complex casing.  
To ta l  t empera tu re  shou ld  be measured by eight thermocouples i n  f o u r  
p l a n e s  - t w o  T/C i n  t h e  i n l e t  d u c t  w e l l  forward of the  bu l l e t -nose ,  t w o  
T/C i n  the  exhaus t  duc t  immedia t e ly  a f t  of s t age  seven ,  one  T/C i n  e a c h  
of t w o  c ros sove r  duc t s  before e x i t  i n t o  t h e  l o w  p r e s s u r e  t u r b i n e  i n l e t  
scroll ,  and t w o  T/C i n  t h e  e x h a u s t  d u c t  i m m e d i a t e l y  a f t  of s t a g e  11. 
These are t h e  minimum t o t a l  temperature measurements which will d e s c r i b e  
the   tu rb ine   thermodynamic   per formance .   Thei r   loca t ions  are denoted  on 
F igure  5.8-1. The thermocouples w i l l  be 0.005 i n c h  bare-wire W3%Re-W25%Re 
i n s u l a t e d  w i t h  A 1 2 0 3  beads, i n s i d e  r e f r a c t o r y  metal wells. The o u t p u t  
of these  thermocouples  is r e l a t i v e l y  h i g h ,  b e i n g  a p p r o x i m a t e l y  11 micro- 
v o l t s  p e r  OF. By keep ing  them ou t s ide  the  p l anes  of the   nozz le   vanes ,  
f low d i s t u r b a n c e s  are minimized. 
The s t a t i c  temperature measurements w i l l  be made by mon i to r ing  the  
o u t s i d e  t e m p e r a t u r e s  of t h e  c a s i n g  w i t h  t w o  thermocouples z f t  of t h e  
s t a g e  s e v e n  ro to r ,  spot-welded t o  t h e  c a s i n g  o u t e r  s u r f a c e .  
T o t a l  p r e s s u r e  will be monitored by probes a t  t h e  same l o c a t i o n s  
as t h e  t o t a l  tempera ture  wells. 
S t a t i c  p r e s s u r e  m e a s u r e m e n t s  will be made by t w o  p r o b e s  i n  t h e  i n l e t  
duct  forward of t h e  i n l e t  n o z z l e  v a n e s ,  t w o  a f t  of t h e  i n l e t  n o z z l e  
vanes, t w o  a f t  of t h e  s t a g e  s e v e n  rotor,  t w o  a f t  of t h e  s t a g e  e i g h t  
i n l e t  n o z z l e  v a n e s ,  a n d  t w o  i n  t h e  t u r b i n e  e x h a u s t  d u c t  a f t  of s t a g e  11. 
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Figure 5.8-1. Instrumentat ion for 7+4 Turbine. 
I 
The pressure measurements will be made wi th  Tay lo r  Gage s l a c k  - 
diaphragm pressure t ransducers  which are maintained a t  a uniform temp- 
e r a t u r e .  T h e s e  t r a n s d u c e r s  h a v e  e x h i b i t e d  e x c e l l e n t  z e r o - s h i f t  s t a b i l i t y  - 
t y p i c a l l y  less than t h r e e  p e r c e n t  p e r  y e a r  s h i f t  a t  t r ansduce r  ope ra t ion  
tempera tures  of 500 - 1500°F  on  the  three-s tage  turbine  program.  The 
h igh  opera t ing  tempera tures  which  can  be  used  avoid  the  problems of 
coupl ing  tube  f reez ing .  The  cons t ruc t ion  material would be T-111 a l l o y  
for  material c o m p a t i b i l i t y ,  a l t h o u g h  s t a i n l e s s  steel would perform 
s a t i s f a c t o r i l y .  An arrangement similar t o  t h a t   u s e d   s u c c e s s f u l l y  for  
t h e  Potassium Corrosion Test  Loop Program (NAS3-2547) will be used, 
where 0.375-inch OD x 0.062-inch w a l l  t h i ckness  T-111 coupling tubes 
12-inches long were ar ranged  so  t h a t  a l i q u i d  l e g  o f  l o o p  F l u i d  i s o l a t e s  
t h e  t r a n s d u c e r s  from d i r e c t  c o n t a c t  w i t h  t h e  high temperature  vapor .  
Such a c o n f i g u r a t i o n  allows t h e  t r a n s d u c e r  o p e r a t i n g  t e m p e r a t u r e  t o  be 
c o n t r o l l e d  a t  700°F even though system vapor temperatures reach 2200OF. 
For m a x i m u m  accuracy ,  each  t ransducer  w i l l  be i n s t a l l e d  i n  a n  oven which 
a u t o m a t i c a l l y  c o n t r o l s  t h e  tempera ture  a t  700°F. 
A d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  h a v i n g  a 50 p s i  f u l l - s c a l e  
pressure range and backed by accurately measured argon gas  pressure 
will be used t o  measure  the  absolu te  pressure  a t  t h e  t u r b i n e  exit. 
Automatic  balancing of the  a rgon  p res su re  pe rmi t s  r eadou t  on  a d i g i t a l  
d a t a  a c q u i s i t i o n  s y s t e m .  
The vapor f l o w  measurements w i l l  be made u s i n g  t h e  p r e s s u r e  taps 
forward and a f t  of t h e  f i r s t - s t a g e  n o z z l e .  The nozz le  will be c a l i b r a t e d  
before i n s t a l l a t i o n  fo r  t h i s  purpose. 
B e a r i n g  l u b r i c a n t  f l o w  r a t e s  will be measured by permanent magnet 
f low meters. A l l  flow meters w i l l  have  thermomuples  a t tached  t o  t h e  
251 
magnets  and the ducts ,  so t h a t  v a r i a t i o n s  i n  f l o w  rates can  be  ca l ib ra t ed  
and used f o r  making  cor rec t ions  t o  t h e  r e a d i n g s  d u r i n g  s e r v i c e .  
Rotor displacement measurements will be made by two opposed proximity 
probes a t  90° t o  t w o  o the r  opposed  p rox imi ty  p robes ,  l oca t ed  wi th in  the  
b e a r i n g  h o u s i n g s  o f  t h e  f o r w a r d  t u r b i n e  b e a r i n g  a n d  t h e  a f t  a l t e r n a t o r  
b e a r i n g  - a to t a l  o f  e igh t  p rox imi ty  p robes .  Each  pa i r  o f  opposed  
probes will have  matched e lectr ical  o u t p u t  t o  c a n c e l  t h e  e f f e c t  o f  
d i f f e ren t i a l   t he rma l   expans ion   be tween   ro to r   and   ca s ing .  The development 
of  such a proximity probe system for u s e  w i t h  l i q u i d  metals has been 
underway a t  GE-NSP for s e v e r a l  y e a r s .  I n  t h i s  s y s t e m ,  t h e  s e n s i n g  h e a d  
v i ews   t he   ro t a t ing   sha f t   t h rough   an   a luminum  ox ide  window. S h a f t  
r a d i a l  m o t i o n  is  sensed by m e a s u r i n g  t h e  c h a n g e  i n  f l u i d  f i l m  t h i c k n e s s e s  
up t o  0.004 inch .  Beyond t h i s  d i s t a n c e ,  p r o b e  o u t p u t  d r o p s  r a p i d l y  a n d  
becomes non-l inear .  I t  is i n t ended  t o  i n c r e a s e   t h e   r a n g e   o f   t h e s e  
probes t o  a t  least 12 mils. Rotor  displacement  measurements  can be 
made us ing  s t a t e -o f - the -a r t  sys t ems  wi th  h igh  accu racy  a t  t h e  t u r b i n e  
a f t  b e a r i n g  a n d  t h e  a l t e r n a t o r  f o r w a r d  b e a r i n g ,  s i n c e  i t  is p o s s i b l e  t o  
l o c a t e  t h e  p r o b e s  o u t s i d e  o f  t h e  l i q u i d  metal lub r i can t  con ta inmen t  
a rea .  
V ib ra t ion  p i ckups  usua l ly  measu re  e i the r  d i sp l acemen t ,  ve loc i ty ,  
or a c c e l e r a t i o n ,  t h e  l a t t e r  being recommended because i t  p r o v i d e s  t h e  
most meaningful   information  concerning  system  performance.   This   type 
of  p ickup conta ins  a l i g h t  mass  and s t i f f  s p r i n g ,  w i t h  t h e  r e l a t i v e  
displacement  between the mass and i t s  h o u s i n g  b e i n g  p r o p o r t i o n a l  t o  
the   acce le ra t ion   fo rce .   Because  of a t e m p e r a t u r e   l i m i t a t i o n   o f  
approximately 450°F for t h e  p i e z o e l e c t r i c  accelerometers, t h i s  i n s t r u m e n t  
cou ld  no t  be  d i r ec t ly  mounted  on t h e  t u r b i n e  o r  a l t e r n a t o r  c a s i n g .  I t  
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would require  mounting on a p e d e s t a l  o u t s i d e  o f  t h e  h o t t e s t  z o n e s .  
Even so, NaK coo l ing  o f  t he  accelerometer would be needed because the 
ambient  tempera ture  sur rounding  the  turb ine  would be 500 - 800°F. The 
NaK c o o l a n t  r e q u i r e s  a sepa ra t e  loop .  
To o b t a i n  t h e  m e c h a n i c a l  e f f i c i e n c y  o f  t h e  t u r b i n e ,  i t s  thermal  
input  and  mechanical  output mus t  be known. S i n c e  t h e  a l t e r n a t o r ,  a 
power absorber ,  would always be p r e s e n t ,  i t  would  be d e s i r a b l e  t o  u s e  
t he  a l t e rna to r  ou tpu t  pa rame te r s  o f  vo l t age ,  cu r ren t ,  and  phase  ang le ,  
t o  measure  turbine  performance. To do so  impl i e s  accurate knowledge 
o f   b o t h   e l e c t r i c a l   a n d   m e c h a n i c a l   a l t e r n a t o r   l o s s e s .  However, e l e c t r i c a l  
losses change with load, and bearing and seal l o s s e s  are a f f e c t e d  by 
clearance  and  temperature  changes.   Therefore,  i t  would  be  most d e s i r a b l e  
t o  measu re  the  to rque  t r ansmi t t ed  f rom the  coup l ing  to  the  a l t e rna to r .  
The t w i s t  o f  t h e  f l e x i b l e  d i a p h r a g m  c o u p l i n g  c o u l d  b e  u t i l i z e d  f o r  t h i s  
pu rpose ,  excep t  t ha t  t he  coup l ing  i s  so  t o r s i o n a l l y  s t i f f  t h a t  i t s  
d e f l e c t i o n  i s  only  about 0.30' a t  f u l l  power. Only w i t h  a n  o p t i c a l  
enlargement s y s t e m ,  such as i s  used  on  D'Arsonval  galvanometers,  could 
meaningful  measurements be obta ined .   This  would involve   v iewing   the  
coupl ing  through a h e r m e t r i c a l l y   s e a l e d  A 1  0 window. N o  such s y s t e m  
i s  known a t  the  p re sen t ,  and  the  cost of  developing i t  would be high. 
2 3  
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5.9 TURBINE SUMMARY 
The weight of the  Phase  I1 t u r b i n e  d e s i g n  s e l e c t e d  w a s  c a l c u l a t e d ,  
based upon the design shown p r e v i o u s l y  a n d  i n c l u d i n g  t h e  e x h a u s t  d u c t s  
t o  t h e i r  i n l e t  i n t o  t h e  c o n d e n s e r .  The weights  are summarized i n  
Table  5.9-1. The to ta l  s ta tor  weight of 344  pounds  and rotor weight 
of 106 pounds  give a tu rb ine  we igh t  of 450  pounds. When t h e  frame 
weight of 28  pounds i s  added,  the t o t a l  weight i s  478  pounds. 
Because of  the l o w  a v a i l a b l e  s t r e n g t h  of KDTZJI-1175 i n  t h e  v i c i n i t y  
of  2200°F and reasonable  geometr ical  l imitat ions,  i t  i s  necessary  t o  
exceed  the  0.1 p e r c e n t  c r e e p  stress a l lowable  for  t h r e e  y e a r s  o f  o p e r a t i o n  
i n  t h e  s t a g e  o n e  w h e e l  a n d  t o r q u e  t u b e  c u r v i c  c o u p l i n g ,  i n  t h e  t o r q u e  
tubes  of s t a g e s  1 - 4, and i n  t h e  t i e  bol t  benea th  s tages  one  and  t w o .  
I n  t h e  r e m a i n d e r  of the wheels ,  the peak hub stresses exceed  the  0 .1  
percent  c reep  stresses a l lowable  a t  t h e i r  lower ope ra t ing  t empera tu res .  
Most, but  not  a l l ,  of  these problems can be decreased by f u r t h e r  
i t e r a t i o n s  which were no t  poss ib l e  wi th in  the  con t r ac t  pe r iod .  Exceed ing  
the  a l lowab le  0.1 pe rcen t  c r eep  stress d o e s  n o t  c o n s t i t u t e  f a i l u r e ,  o f  
course, but i s  a warn ing  s igna l  wh ich  p inpo in t s  areas t o  w h i c h  p a r t i c u l a r  
care must be g i v e n  i n  la ter  d e s i g n  e f f o r t s ,  b o t h  i n  stress and deformation 
ana lyses .  
The  2100'F i n l e t  t e m p e r a t u r e  is feasible for  19,200 rpm w i t h i n  
the assumptions of a l lowab le  c reep  s t r eng th  and  y i e ld  s t r eng th ,  w i th  
20  percent  overspeed for  shor t   per iods   on ly .   For   long- te rm  overspeed ,  
t h e  i n l e t  t e m p e r a t u r e  would have t o  be decreased by an  amount  which  can 
only be determined by d e t a i l e d   l i f e - u s e d - u p   c a l c u l a t i o n s .  Such c a l c u l a t i o n s  
r e d e s i g n  for each  assumption of ove r speed  du ra t ion .  S ince  each  ro to r  
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TABLE 5.9-1 
TURBINE WEIGHT SUMMARY 
0 STATOR 
HIGHPRESSURE  CASING 53 LB 
LOWPRESSURE  CASING 54 
CROSSOVER  DU TS 35 
AFT SCROLL, CONE, 8 BRG. HSG. 42 
CASING  CONNECTOR 46 
INSULATION 
EXHAUST  DUCTS 
40 
74 
344 LB 
0 ROTOR 108 
.TURBINE  WEIGHT 460 
.FRAME 28 
TOTAL 478 LB 
r e d e s i g n  itself r e q u i r e s  many i te ra t ions  on  wheel  and  torque  tube  geometry  
and stress, t h e  l i f e - u s e d - u p  i n v e s t i g a t i o n  w a s  n o t  p o s s i b l e  i n  t h e  
a v a i l a b l e  time. The  chances of ach iev ing   geomet r i ca l ly  feasible 
s o l u t i o n s  i n  t h e  e a r l y  stages of t h e  rotor for  long-term overspeed 
du ra t ion  appea r  small, cons ide r ing  the  loss of a v a i l a b l e  r o t o r  material 
s t rength  which  occurred  be tween the  Phase  I and Phase I1 i n v e s t i g a t i o n s ,  
and the peak hub stresses which became apparent  when t h e  d e t a i l e d  stress 
a n a l y s e s  of Phase I1 were performed. 
The i n i t i a l  h o t  b l a d e  t i p  r a d i a l  c l e a r a n c e s  must be 0.019 i n c h  t o  
0,010 i n c h  t o  o b t a i n  0.010 i n c h  minimum t i p  c l e a r a n c e s  a f t e r  t h r e e  y e a r s  
of opera t ion .  The clearance  requirements  are based upon t h e  c r e e p  
which w i l l  occu r  in  the  whee l s  and  b l ades ,  and  are g r e a t e r  a t  s t a g e  one 
and less as the  ope ra t ing  t empera tu res  dec rease .  
By us ing  the  overhung turb ine  des ign ,  the  requi rement  for t u r b i n e  
forward bearings and seals t o  o p e r a t e  w i t h i n  a r e g i o n  o f  2100°F vapor 
temperature  are avoided.   This  is most d e s i r a b l e  f r o m  t h e  s t a n d p o i n t  o f  
thermal  losses which occur from the vapor  t o  t h e  900'F l ub r i can t ,  and  
t o  avoid the complexi ty  of  the many connec to r s  r equ i r ed  to  g radua l ly  
dec rease  the  vapor  t empera tu res  wi th in  the  l abyr in th  vapor  seal. 
Without  the lat ter,  h igh  the rma l  g rad ien t s  are e x p e c t e d  w i t h i n  t h e  ro tor  
s h a f t  w h i c h  l e a d  t o  undes i r ab le  the rma l  stresses. 
Buckets  wi th  shrouds  and  doveta i l s  for m o i s t u r e  e x t r a c t i o n  f r o m  
t h e  ro tor  are n o t  g e n e r a l l y  f e a s i b l e .  C o n d e n s a t e  e x t r a c t i o n  from t h e  
s ta tor  would be more d e s i r a b l e  t h a n  from t h e  rotor. Only i n  c e r t a i n  
stages of t h e  rotor is  a d o v e t a i l  s o l u t i o n  l i k e l y  t o  be poss ib l e ,  and  
even i n  t h e s e  a n  e x t e n s i v e  d e s i g n  e f f o r t  i s  r e q u i r e d  t o  provide prudent  
margins of s a f e t y .  
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The t i e  b o l t  p l u s  c u r v i c  c o u p l i n g  r o t o r  j o i n i n g  method allows an 
unwelded rotor, which is r e q u i r e d  b y  t h e  c h a r a c t e r i s t i c s  o f  t h e  r o t o r  
material which is  a v a i l a b l e  f o r  u s e  a t  the  sys t em i n l e t  temperature .  
Differential thermal  expans ion  be tween the  ro tor  and  the  stator,  
b o t h  r a d i a l l y  a n d  a x i a l l y ,  is no t  a major problem because of the similar 
coe f f i c i en t s  o f  t he rma l  expans ion  of t h e  materials t o  be used.  The 
axial  c l e a r a n c e s  r e q u i r e d  d o  n o t  r e q u i r e  t h a t  t h e  v a p o r  flow p a t h  be 
lengthened t o  a n  u n d e s i r a b l e  e x t e n t .  
The f l e x i b l e  d i a p h r a g m  c o u p l i n g  b e t w e e n  t h e  t u r b i n e  a n d  a l t e r n a t o r  
w i l l  t o l e r a t e  t h e  axial  and radial  misal ignments  which can be h e l d  i n  
serv ice ,  wi thout  producing  adverse  dynamic  condi t ions  or r e q u i r i n g  
l u b r i c a t i o n .  
The t u r b i n e  c a s i n g  i s  stress l i m i t e d  i n  t h e  p o r t i o n  s u r r o u n d i n g  
t h e  f i r s t  t w o  t u r b i n e  s t a g e s  a n d  i t s  d e f l e c t i o n  c h a r a c t e r i s t i c s  must be 
a s c e r t a i n e d  i n  d e t a i l ,  e s p e c i a l l y  i n  t h e  r e g i o n s  w h i c h  s u p p o r t  t h e  
bear ings.   Because  of  t h e  complex  geometry  of  the  casing,  which i s  
n e c e s s i t a t e d  by the  c ros sove r  and  ou t l e t  duc t ing  and  by t h e  s p l i t t i n g  
of t h e  c a s i n g  a t  e a c h  n o z z l e  f o r  r o t o r  m o i s t u r e  e x t r a c t i o n ,  n e i t h e r  
hand nor  machine computat ion methods can give highly accurate  predict ions.  
S c a l e  model t e s t i n g  is requ i r ed   t o   supp lemen t   t he rma l ,  stress, and 
d e f l e c t i o n  a n a l y s e s .  
257 
5.10 REFERENCES 
5.2-1  Frank, R.G. and Moor, B.L., Ma te r i a l s   fo r   Po ta s s ium  Lubr i ca t ed  
Journa l  Bear ings ,  F ina l  Repor t ,  Volume V - F r i c t i o n  and Wear 
Studies , "  Repor t  No. GESP-100, NASA-LRC Cont rac t  No. NAS3-2534, 
1969. 
I f  
5.3-1 Kamadoli, B.A., "A Prel iminary  Design Method f o r  Gas Turbine 
Wheels and Buckets," General  Electric Report  No. DF-55-TG-322, 
August 11, 1955, p. 12. 
5.3-2 Kamp, R.H., Hi rschberg ,  M.H., and  Morgan, W. C., "Theore t i ca l  and 
Experimental  Analysis  of the Reduction of Rotor  Blade Vibrat ion 
i n  Turbomachinery Through the Use of  Modif ied Stator  Vane Spacing," 
NACA TN 4373, September 1958. 
258 
6 . 0  TURBINE  FABRICATION 
6 . 1  FABRICATION AND J O I N I N G  
J o i n i n g :  C o n s i d e r a t i o n s  
S i n c e  a l l  t h e  materials i n  t h e  t u r b i n e  w h i c h  m u s t  b e  j o i n e d  are  
w e l d a b l e ,  t h i s  m e t h o d  o f  j o i n i n g  w i l l  be   used   wherever   poss ib le .   Appro-  
p r i a t e  i n e r t  a t m o s p h e r e  c h a m b e r s  f o r  TIG welding and vacuum e l e c t r o n  beam 
welding  equipment w i l l  b e   u s e d   w h e r e   a p p l i c a b l e .   I n   t h e   b u i l d u p   o f  com- 
ponen t s   f rom  subassembl i e s ,   f rom  ind iv idua l   pa r t s ,   and   f rom  va r ious   fo rms  
of r a w  s t o c k ,  a p o s t w e l d  a n n e a l i n g  t r e a t m e n t  w i l l  be  performed i m m e d i a t e l y  
p r i o r  t o  f i n i s h  m a c h i n i n g  p r i n c i p a l l y  f o r  p u r p o s e s  o f  stress r e l i e f  b u t  
a lso as  a p r o t e c t i o n  a g a i n s t  s u b s e q u e n t  a g i n g  a n d  loss o f  d u c t i l i t y  or 
c o r r o s i o n  r e s i s t a n c e .  I n  t h e  f i n a l  assembly o f   t h e   t u r b i n e ,  i t  w i l l  be  
i m p o s s i b l e  t o  stress r e l i e v e  t h e  w e l d s  f o r  f e a r  o f  d i s t o r t i o n  and binding 
o f  i n t e r n a l  p a r t s ,  or o f  s t r u c t u r a l  damage t o  some o f  t h e  o t h e r  b e a r i n g  
and sea l  materials i n  t h e  t u r b i n e .  T h e  a b s e n c e  o f  a f i n a l  a n n e a l  a f t e r  
a s sembly  we ld ing  shou ld  no t  be  de t r imen ta l  as  i n d i c a t e d  i n  T a b l e  6 . 1 - 1 ;  
manual  welds  using Cb-1Zr f i l l e r  wire a p p e a r  t o  h a v e  a c c e p t a b l e  s t r a i n  
c a p a c i t y  f o r  t h i s  a p p l i c a t i o n  e v e n  w i t h o u t  a pos twe ld  annea l .  
Brazes w i l l  be  used  only  where  they  are needed t o  act  as l i q u i d  or 
vapor  seals or where   weld ing   has   been   t r ied   and   cannot   be   used .   Typica l  
b a s e  a l l o y  c o m p o s i t i o n s  w h i c h  m i g h t  b e  o f  d i r e c t  a p p l i c a t i o n  t o  t h e  
t u r b i n e  are  shown i n  T a b l e  6 . 1 - 2 .  I n  t h e  f e w  i n s t a n c e s  w h e r e  b r a z i n g  may 
b e  n e c e s s a r y ,  some s t a t i c  c a p s u l e  c o r r o s i o n  tests o f  t h e  b r a z e  a l l o y s  i n  
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TABLE 6.1-1 
BEND DUCTILITY I N  Cb-1Zr AND T-111 WELDS 
T.I.G. WELD 
T.I.G. Weld 
Automatic 
Automatic 
Automatic 
Manual 
Manua 1 
Manual 
Post Weld 
F i l l e r  Wire Annea 1 
None  None 
None  220O0F-1 Hr 
None  220O0F-2 Hr 
T- 111 None 
T-111  2400OF- 1 Hr 
Cb- 1 Z r  None 
Post Weld  Bend Test 
Aging RT - 100°F 
1550'F-50 h r  (70-90') 
155O0F-50 H r  105O * (70-90') 
1550OF-50 Hr 1050 105' 
155O0F-50 Hr (5- 10') 
1550OF-50 Hr (10-20O) 
155 O°F- 50 Hr (30- 40°) ** 
* Maximum bend def lec t ion  wi th  bend f ix tures  used  
** Acceptable Strain Capacity for Fina l  Assembly Welds. 
TAJ3LF: 6.1-2 
POTENTIAL BRAZE ALLOYS 
Designation  Composition  Brazing  Temperature  Prior  Us
AS 501 Ti -3OV 3000 OF Mo-O.5Ti  to 316 SS 
Brazed Joints 
- Carboloy 907 to Cb-1Zr Joints Made. Carboloy 907 to 
Cb-1Zr  Joints 
AS 514  V-35Cb 3400°F  Brazed FS-85 
Cb  Alloy 
AS 537 56Zr-28Ti-16V 2150'F A1203  to  Cb-1Zr 
Joints 
Pd -CO 38Co-Bal Pd 2300'F A1 0 -Kovar  Seals
in  800'F K 
2 3  
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l iqu id  potass ium would  be  requi red  t o  v e r i f y  t h e  e x p e c t e d  c o r r o s i o n  re- 
s i s t a n c e  o f  o n e  or more o f  t h e  a l l o y s .  
A s  a p r e l i m i n a r y  t o  t h e  a s s e m b l y  of the  turbine components  them- 
s e l v e s ,  t h e  v a r i o u s  j o i n i n g  m e t h o d s  would b e  c e r t i f i e d  b y  t h e  p r e p a r a t i o n  
o f  s i m p l e  j o i n t s  i n t e n d e d  t o  r e p r o d u c e  t h e  a c t u a l  h a r d w a r e  j o i n t  c o n f i g u r a -  
t i o n  as c l o s e l y  as p o s s i b l e .  
6 .2  FABRICATION AND ASSEMBLY 
T h e  f o l l o w i n g  o u t l i n e s  t h e  p r o c e d u r e s  f o r  t h e  f i n a l  a s s e m b l y  o f  t h e  
t u r b i n e , a n d  t h e n  d i s c u s s e s ,  b r i e f l y ,  t h e  m e t h o d  o f  p r o d u c i n g  e a c h  o f  t h e  
pr inc ipa l  components .  
F i n a l  Assemblv 
R e f e r ,  f i r s t ,  t o  F i g u r e  6 . 2 - 1  f o r  a v i ew o f  t he , tu rb ine  a s sembly .  
The wheels of t h e  h i g h - p r e s s u r e  s t a g e  are f i r s t  s t a c k e d  on t h e  t i e  b o l t  
w i t h  t h e  l a t t e r  i n  a v e r t i c a l  p o s i t i o n .  T h e  f o r w a r d  b e a r i n g  h o u s i n g  i s  
t h e n  i n s t a l l e d ,  a n d  t h e  a s s e m b l y  i s  suspended inlet  end .down from t h e  
u p p e r  ( a f t )  p a r t  o f  t h e  t i e  b o l t .  T h e  h i g h - p r e s s u r e  s t a g e  t u r b i n e  c a s i n g  
h a l v e s  a n d  t h e  t u r b i n e  i n l e t  d u c t  are  nex t  c l amped  in  p l ace .  A s  mentioned 
above, a l l  welding i s  d o n e  i n  a vacuum-purged, a r g o n - f i l l e d  TIG weld ing  
chamber q u a l i f i e d  f o r  w e l d i n g  o f  r e f r a c t o r y  a l l o y s .  T h e  c i r c u m f e r e n t i a l  
welds are  made f i r s t  a n d  t h e n  t h e  l o n g i t u d i n a l  w e l d s .  Back s tepping  weld 
t echn iques  similar t o  those u s e d  s u c c e s s f u l l y  i n  w e l d  a s s e m b l i n g  t h e  t w o -  
s t a g e  and  th ree - s t age  po ta s s ium vapor  tu rb ines ,  Re fe rence  4.3-1,  w i l l  be  
used t o  p r e v e n t  d i s t o r t i o n .  
A f t e r  t h e  h i g h - p r e s s u r e  s t a g e  i s  weld  assembled, t h e  t u r b i n e  w i l l  be  
removed from t h e  chamber, t h e  t u r b i n e  s h a f t s ,  w h e e l s  a n d  i n t e r s t a g e  
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c o n n e c t i o n s  o f  t h e  l o w - p r e s s u r e  s t a g e  w i l l  b e  s t a c k e d  o n  t h e i r  c u r v i c  
c o u p l i n g  s u r f a c e s ,  t h e  l o w - p r e s s u r e  c a s i n g s  i n s t a l l e d ,  a n d  t h e  a f t  b e a r i n g  
housing  added.  Once  these  components are s e c u r e l y  c l a m p e d  i n  p l a c e ,  t h e  
t u r b i n e  w i l l  aga in  be  p laced  in  the  weld  chamber ,  and  the  low-pressure  
casing assembly welds w i l l  be  made i n  a d i s t o r t i o n - f r e e  manner similar 
t o  t h o s e  o f  t h e  h i g h - p r e s s u r e  s t a g e .  
For s i m p l i c i t y  i n  p r e s e n t a t i o n ,  t h e  c ros sove r  duc t ing  i s  no t  shown 
on the  bea r ing  hous ing  in  F igu re  6 .2 -1 .  On ly  shor t  p ro j ec t ions  of t h i s  
duc t ing  w o u l d  b e  f a b r i c a t e d  i n t e g r a l l y  w i t h  t h e  h o u s i n g ;  n o  d u c t i n g  would 
ove rhang   t he   c i r cumfe ren t i a l   we lds  a t  t he   fo rward   and   a f t   ends  of t h e  
bea r ing   hous ing .   Fu l l   duc t ing   connec t ions  would b e  a d d e d  a f t e r  f i n a l  
t u rb ine  a s sembly .  
Turbine Wheels 
Figure 6.2-2 shows an integral ly  machined KDTZM-1175-type molybdenum 
tu rb ine  whee l  w i th  in t eg ra l  b l ades  and  cu rv ic  coup l ing .  The  whee l  b l ank  
w i l l  be  rough  machined  from t h e  f o r g i n g ,  stress r e l i e v e d ,  and f i n i s h  
machined   except   for   curv ic   coupl ing   and   b lades .   The   curv ic   coupl ing  w i l l  
then  be  ground,   The las t  machin ing  opera t ions  w i l l  b e  t h e  e l o x i n g  o f  t h e  
i n t e g r a l  b l a d e s  i n  t h e  w h e e l  a n d  f i n a l  p o l i s h i n g  o f  t h e  e l o x e d  s u r f a c e s  
t o  meet f i n a l  a i r f o i l  d i m e n s i o n s  and t o  remove t h e  e l o x e d  "recast" s u r f a c e  
which w i l l  have  very  small s u r f a c e  i r r e g u l a r i t i e s  w h i c h  m i g h t  o t h e r w i s e  
propagate   c racks .  A f i n a l  stress r e l i e f  w i l l  be   per formed  on   the   par t .  
Needless  t o  say ,  d imens iona l  i n spec t ions  and  nondes t ruc t ive  t e s t ing  w i l l  
be  used both in-process  and a t  comple t ion  o f  t he  pa r t s  t o  a s s u r e  t h e  
q u a l i t y  o f  t h e s e  c r i t i c a l  p a r t s .  
2 64 
Figure 6.2-2. I n t e g r a l l y  Machined Turbine Wheel - KDTZM Molybdenum Alloy. 
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Turbine Casings 
The  a s sembly  o f  t he  nozz le  d i aphragms  and  t i p  sh rouds  in to  the  h igh -  
p r e s s u r e  s t a g e  c a s i n g  h a l v e s  i s  shown i n  F i g u r e  6 . 2 - 3 .  C y l i n d r i c a l  
r a b b i t e d  s e c t i o n s  are machined i n t o  t h e  c o n i c a l  c a s i n g  h a l v e s .  T h i s  p e r m i t s  
t h e  p r e c i s e  a x i a l  l o c a t i o n  a n d  d i a m e t r i c a l  f i t u p  o f  e a c h  d i a p h r a g m  a n d  
t ip  sh roud .  The  nozz le  d i aphragm and  sh roud  r ings  are i n s t a l l e d  o n e  a t  
a time beginning a t  stage  one.   Each  diaphragm or r i n g  i s  e l e c t r o n  beam 
welded i n t o  p l a c e  from i t s  a f t  side s u c h  t h a t  a l e a k  t i g h t  seal  i s  pro- 
duced;  this  weld can be benched  out  for  l a te r  removal of t h e s e  p a r t s ,  i f  
necessary .  
Assembly  of  the  nozz le  d iaphragms and  t ip  shrouds  in  the  low-pressure  
c a s i n g  i s  o n l y  s l i g h t l y  d i f f e r e n t ,  as seen   in   F igure   6 .2-4 .   The   nozz le  
d i a p h r a g m  a n d  s h r o u d  r i n g s  a r e  i n s e r t e d  r a d i a l l y  i n t o  r i g h t  c y l i n d r i c a l  
grooves and electron beam welded i n  p l a c e  w i t h  t h e  beam e n t e r i n g  i n  t h e  
r a d i a l  d i r e c t i o n .  
Nozzle Diaphragm Assembly 
The nozzle  diaphragms are  assembled from  machined r i n g  s e c t i o n s  and 
from contour machined and polished vane pieces by e l e c t r o n  beam welding 
as shown i n  a s e l f - e x p l a n a t o r y  way i n  F i g u r e  6 . 2 - 5 .  T h e  i n t e r s t a g e  honey- 
comb seals a t  t h e  I D  o f  t h e  d i a p h r a g m s  a n d  t h e  t u r b i n e  b l a d e  t i p  seals are 
i n s t a l l e d  as shown in   F igure   6 .2-6 .   The  honeycomb seals f i t  t h e  I D  sur -  
f a c e  of t h e  a p p r o p r i a t e  p a r t  and a r e  e l e c t r o n  beam welded along the forward 
and a f t  e d g e s .  
S e a l  F a b r i c a t i o n  
T h e  t u r b i n e  t i p  a n d  i n t e r s t a g e  seals are  made from T-111 or Cb-1Zr 
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- MACHINED VANE 
M INNER  BAND 
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SEAL 
ELECTRON BEAM WELD 
BLADE CONTOUR 
ELECTRON BEAM 
WELD 
Figure 6.2-5. Nozzle  Diaphragm  Assembly. 
INTERSTAGE RING 
ELECTRON BEAM WELD 
BOTH SIDES A T  ASSEMBLY 
as shown i n  F i g u r e  6.2-7. The T-111 or Cb-1Zr f o i l  honeycomb i n s e r t s  
are formed i n t o  c u r v e d  s e c t i o n s  a n d  t h e n  a t t a c h e d  t o  i ts  c i r c u l a r  
T-111 or Cb-1Zr r i n g  by e l e c t r o n  beam plug welds .  Accurate  dimensions 
can be achieved by a f ina l  mach in ing  ope ra t ion .  
6 .3  JOINING SUMMARY 
The w e l d a b i l i t y  of t h e  p r i n c i p a l  s t r u c t u r a l  materials i n  t h e  
t u r b i n e  are g o o d ,  b u t  e a c h  j o i n t  c o n f i g u r a t i o n  m u s t  b e  c e r t i f i e d  i n  
s i m u l a t e d  j o i n t s  i n  o r d e r  t o  o p t i m i z e  p r o c e s s e s  a n d  t o  d i s c l o s e  a n y  
need t o  m o d i f y  j o i n t  d e s i g n  c o n f i g u r a t i o n s  p r i o r  t o  f a b r i c a t i o n  of 
hardware. 
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- BACK EXTRUDE (COIN) INTO HONEYCOMB 
- REMOVE EXCESS BACKING 
- STRESS RELIEVE 
- FORM INTO RING 
- EB PLUG  WELD  TO  INSERT  RING 
- POST WELD  STRESS RELIEVE 
- FINISH MACHINE 
n n n n n n n ,  
\"-A 
n n , q  I 
F i g u r e  6.2-7. Honeycomb  Sea l   Fab r i ca t i on .  
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7. VISCO SEALS  AND EEARI NGS 
7.1 VISCO SEALS 
The basic requi rements  which  are d e s i r e d  of t h e  t u r b i n e  seals i n  
o r d e r  t h a t  t h e y  s a t i s f a c t o r i l y  c o n t a i n  t h e  p o t a s s i u m  b e a r i n g  l u b r i c a n t  
are : 
- To m a i n t a i n  t h e  b e a r i n g  c a v i t y  p r e s s u r e  a p p r o x i m a t e l y  t e n  p s i  
above  the  ad jacen t  vapor  p re s su re  and  h igh  enough  to  suppres s  
c a v i t a t i o n  (20 - 30 p s i a ) .  
- To c o n t a i n  t h e  b e a r i n g  l u b r i c a n t  d u r i n g  s t a r t - u p  (40 percen t  o f  
des ign  speed  and  approx ima te ly  20 p s i  p r e s s u r e  d i f f e r e n t i a l ) .  
- To o p e r a t e  w i t h  minimum p a r a s i t i c  power consumption. 
- To seal  a g a i n s t  vacuum w i t h  l e a k a g e  r a t e  n o t  e x c e e d i n g  1 - 2 
pounds i n  10,000 hour s .   Th i s  c r i t e r i a  a p p l i e s   o n l y   t o   t h e   b e a r i n g  
( a n d  a l t e r n a t o r )  seals where  l eakage  does  no t  r e tu rn  to  the  ma in  
po ta s s ium loop .  
The seal c a p a c i t y  i s  a f u n c t i o n  o f  s e a l i n g  l e n g t h ,  seal  d i a m e t e r ,  
o p e r a t i n g  s p e e d ,  l u b r i c a n t  v i s c o s i t y ,  a n d  d i a m e t r a l  c l e a r a n c e  f o r  a 
screw seal which creates a p r e s s u r e  d i f f e r e n t i a l  d i r e c t e d  f r o m  t h e  
v a p o r   r e g i o n  t o  t h e   l u b r i c a n t   c h a m b e r .  I t  may be   expressed  as t h e  seal 
l e n g t h  r e q u i r e d  t o  create a t e n  p s i  s e a l i n g  p r e s s u r e ,  as shown  by F i g u r e  
7.1-1. Shown are t h e  s e a l i n g  c a p a b i l i t i e s  f o r  t h e  d e s i g n  s p e e d  o f  
19,200 rpm and 40 percen t  o f  des ign  speed ,  wh ich  equa l s  7 ,680  rpm. 
T y p i c a l   s e l e c t e d  seal c o n f i g u r a t i o n s  are n o t e d .   T h e   p r e s s u r e   c a p a b i l i t i e s  
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DIAMETER, I N .  
F i g u r e   7 . 1 - 1 .   S c r e w   S e a l   L e n g t h   V e r s u s   D i a m e t e r   f o r   1 0  p s i  S e a l i n g   P r e s s u r e .  
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aP are determined  by  the  formula: 
C 
a P c = (  Lac tua l  
10 p s i  
Using the above cr i ter ia ,  t h e  
seals are de r ived  for t h e  s t a r t - u p  
c a p a c i t i e s  of t h e  s e l e c t e d  t u r b i n e  
and  operating  speeds.   These are 
synopsized i n  F i g u r e  7.1-2. Note t h a t  t h e  d e s i g n a t i o n  of a DZL 
(Dynamic Zero Leakage) seal i s  used f o r  t h e  a f t  b e a r i n g  a f t  seal, 
where  leakage  would  leave  the  main  potassium  loop.  This seal d i f f e r s  
f rom the s imple screw seals i n  t h a t  t h e  normal leakage through the 
screw is  col lec ted  and  recyc led  in to  the  screw t o  fur ther  reduce  leakage .  
This  des ign  w a s  developed and tested by the General  E l e c t r i c  Company 
f o r  s u c h  a long term, low leakage space requirement  using l iquid potassium. 
With 900° potass ium lubr icant  and  the  l i s ted  seal geometries,  the 
imposed p r e s s u r e  d i f f e r e n t i a l s  aP are compared t o  t h e  seal c a p a b i l i t i e s  
aP for   the   des ign   speed   and  40 pe rcen t   o f   des ign   speed .   I f   t he   l ub r i can t  
c a v i t y  is p r e s s u r i z e d  t o  30 p s i  d u r i n g  t h e  s t a r t - u p  p e r i o d ,  t h e  s e l e c t e d  
seal  l eng ths  are unable  to  comple te ly  conta in  the  lubr icant  and  some 
leakage i s  predic ted .  The leakage may be   accep ted   o r   t he   l ub r i can t  
cav i ty  p re s su re  may be decreased .   Also ,   the   l ength   o f   the   th ree   sc rew 
seals may be doubled, but i t  is no t  des i r ab le  to  a l low the  sys t em l eng th  
and  weight t o  i n c r e a s e  u n l e s s  t h i s  b e ' t h e  o n l y  s o l u t i o n .  A t  ope ra t ing  
speed  and  pressure  capabi l i ty  of  a l l  t h e  seals g rea t ly  exceeds  the  
imposed  p res su re  d i f f e ren t i a l s ,  and  increased  sea l  lengths  would provide 
ve ry  much g rea t e r  capab i l i t y  than  needed  as w e l l  as i n c r e a s i n g  t h e  
parasi t ic  losses which  would  be p r e s e n t  d u r i n g  t h e  e n t i r e  o p e r a t i n g  l i f e  
o f  t h e  t u r b o a l t e r n a t o r .  The  recommended  compromise is t o  s l i g h t l y  
decrease  the  lubr icant  supply  pressure  and  accept  some leakage  dur ing  
s t a r t -up .  
i 
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TURBINE 
I FORWARD BEARING 1 AFT  BEARING riORWFr AFT  LORW WARD r AFT SCREW SEAL SCREW SEAL SCREW SEAL DZL SEAL 
K LUBE TEMP., OF I 900 I 900 I 900 I 900 
DIAMETER, IN. I 3.00 I 3,OO 1 2.50 I 3,lO 
~~~ ~~ 
LENGTH, IN,, 1 .oo 1.00 
0.037 0,030  0,035  0.035 THREAD DEPTH, IN. 
1.00 1 1.25 ~~ ~ ~~ ~~ ~~ ~ 
" 
DIAMETRAL 
CLEARANCE, IN.  I 0.0075 I 0.0075 10.0063 10.0078 
NO, OF THREAD STARTS 
30 30  30  30 APi   AT 7680 RPM, P S I  
6 5 6 6 
APc AT 7680 RPM, P S I  
30 -2 24,63 -3.5 APi   AT 19200 RPM, P S I  
26 15.5 18.5 18.5 
APc AT 19200 RPM, P S I  I 107 I 132 I 83 I 136 
MATERIAL I TITANIUM CARBIDE 
Figure 7.1-2. 7+4 Turbine  Seals. 
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With the same basic cr i ter ia  as t h o s e  o f  t h e  t u r b i n e  seals, excep t  
f o r  a d i f f e r e n t  b e a r i n g  l u b r i c a n t  tenperature, t h e  a l t e r n a t o r  seals 
l i s t e d  i n  F i g u r e  7.1-3 were chosen .   S ince   l eakage   ou ts ide   the   po tass ium 
loop  can occur a t  both ends of the  forward  bear ing  and  a t  the  forward  
end  of  the  a f t  b e a r i n g ,  t h e  Dynamic Zero Leaka.ge seals are used i n  
t h e s e  l o c a t i o n s .  The 700'F po tas s ium  lub r i can t   t enpe ra tu re   and  seal 
geometr ica l   parameters  are shown.  The  imposed l u b r i c a n t   c a v i t y   p r e s s u r e  
d i f f e r e n t i a l s  AP of  25 p s i ,  a t  40 p e r c e n t  o r  f u l l  o p e r a t i n g  s p e e d ,  
are met by t h e s e  seals a t  40 percent  speed and great ly  exceeded by t h e  
seal c a p a b i l i t y  p r e s s u r e  d i f f e r e n t i a l s  AP . 
i 
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FORWARD BEARING AFT  BEARING 
DZL SEAL 
FORWARD 
GCREWSEA DZLSEAL  DZL SEAL 
AFT FORWARD AFT 
K LUBE TEMP., OF 700 
3.IHII 4.00 I 4.00 I 2.30 DIAMETER, IN, 
700 700 700 
. - . .. . - - 
-~ 
I LENGTH, IN, I 1.00 I 0.95 I 0.95 I 1.60 
1 THREADDEPTH,  IN. I 0.040 I 0,047 I 0.047 I 0.027 ~~ 
~ 
DIAMETRAL 
CLEARANCE, IN. 0,0085  0.0058 0.010 0,010 
NO, OF THREAD STARTS 6 1   6 1   6 1 4  
LIPi AT 7680 RPM, PSI 
25 I 25 25  25 
A P ~  AT 7680 RPM, PSI 25 25 25 26 
APi   AT 19200 RPM, P S I  25 25 25 25 
APc AT 19200 RPM, P S I  105 I 123 105  110 I 
MATERIAL STELLITE 68 
Figure 7.1-3. 7+4 Al te rna tor   Sea ls  - H-11 Stee l  Stubshaf ts .  
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7.2 BEARINGS - GENERAL 
The Phase I KTA p r e l i m i n a r y  d e s i g n  s t u d y  of v a r i o u s  b e a r i n g  t y p e s  
i n d i c a t e d  t h a t  t i l t i n g  pad j o u r n a l  a n d  t h r u s t  b e a r i n g s  were t h e  best 
choices  because of t h e i r  i n h e r e n t  s e l f - a l i g n i n g  a n d  s t a b i l i t y  c h a r a c t e r -  
istics. Furthermore,   the  background of t h e o r e t i c a l   a n d   e x p e r i m e n t a l  
e x p e r i e n c e  w i t h  t i l t i n g  p a d  b e a r i n g s  i n  similar a p p l i c a t i o n s  i n s u r e s  
the adequacy of the  ana lys i s  and  g ives  conf idence  tha t  deve lopmen t  
problems w i l l  be min ima l .   Accord ing ly ,   on ly   t he   t i l t i ng  pad t y p e  
bea r ing  has  been  cons ide red  in  the  Phase  I1 d e s i g n  s t u d i e s .  
Also  dur ing  Phase  I ,  both o i l  and  po ta s s ium lub r i ca t ion  w a s  con- 
s ide red  and  i t  was determined that  potassium lubricated hydrodynamic 
b e a r i n g s  h a v e ,  i n  a l l  cases, more t h a n  a d e q u a t e  l o a d  c a p a c i t y ,  s t i f f n e s s ,  
and  damping.  Furthermore,  the  potassium  lubricated  components were less 
complex   and   had   supe r io r   v ib ra t iona l   cha rac t e r i s t i c s .   Fo r   t hese   and  
o t h e r  r e a s o n s  d i s c u s s e d  ear l ie r ,  the  Phase  I1  s t u d y  w a s  l i m i t e d  t o  
p o t a s s i u m  l u b r i c a t i o n .  
During  Phase 11, t h e  j o u r n a l  a n d  t h r u s t  b e a r i n g s  f o r  e a c h  o f  t h e  
f i n a l  t u r b i n e  a n d  a l t e r n a t o r  c o n f i g u r a t i o n s  were s i z e d  a n d  d e t a i l e d  
pe r fo rmance   ca l cu la t ions  were made. The r e s u l t s  of t h e s e   c a l c u l a t i o n s  
a l o n g  w i t h  a d i s c u s s i o n  of t h e  p i v o t  c o n f i g u r a t i o n  are p r e s e n t e d  i n  
t h i s  section. The reader i s  r e f e r r e d  t o  the   Phase  I r e p o r t  fo r  t h e  
d i s c u s s i o n s  of b e a r i n g  s e l e c t i o n  a n d  t h e o r e t i c a l  b a c k g r o u n d .  
Also dur ing  Phase  11, the  problem of KTA s t a r t - u p  w a s  considered 
a l o n g  w i t h  t h e  p o s s i b i l i t y  of r e d u c i n g  t h e  s t a r t i n g  t o r q u e  by  inco rpora t ing  
h y d r o s t a t i c  j a c k i n g .  Two d i f f e r e n t  j a c k i n g  d e s i g n s  were eva lua ted  and  
de ta i led  hydrodynamic  per formance  ca lcu la t ions  of t h e  d e s i g n s  were made. 
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7 . 3  JOURNAL BEARINGS 
I t  w a s  i n d i c a t e d  i n  t h e  P h a s e  I KTA s t u d y  r e p o r t  t h a t  t h e  j o u r n a l  
bear ings  w e r e  i n i t i a l l y  s i z e d  t o  suppor t  a I g  p l u s  n o m i n a l  r o t a t i n g  
l o a d  w i t h  a n  e c c e n t r i c i t y  r a t i o  less t h a n  0.5 a t  des ign  speed .  This  
c r i te r ia  l e a d s  t o  a c o n s e r v a t i v e  d e s i g n ,  s i n c e  t h e  s p e c i f i e d  o p e r a t i n g  
acce le ra t ion  and  shock  loads  can  be  t aken  wi thou t  t he  eccen t r i c i ty  
r a t i o  e x c e e d i n g  0.85. The s h a f t  s t i f f n e s s  and o ther   mechanica l   des ign  
r equ i r emen t s  u sua l ly  caused  the  jou rna l  bea r ings  t o  be l a r g e r  i n  d i a m e t e r  
than  necessary  t o  s a t i s f y  t h e  l o a d i n g  c r i t e r i a .  
For t h e  f i n a l  machine concepts considered i n  Phase 11, a l l  of 
t h e  j o u r n a l  b e a r i n g s  were a l s o  l a r g e r  t h a n  n e c e s s a r y  t o  s imply support  
t h e  r a d i a l  l o a d s  imposed by t h e  r o t o r s .  B e a r i n g  d i a m e t e r s ,  i n  a l l  cases, 
were e s t a b l i s h e d  t o  a c h i e v e  t h e  rotor r i g i d i t y  or t h e  b e a r i n g  s t i f f n e s s  
n e c e s s a r y  t o  o b t a i n  t h e  d e s i r e d  rotor dynamic  behavior. For t he  pu rposes  
o f  t he  s tudy ,  t he  fo l lowing  bea r ing  geomet r i c  r e l a t ionsh ips  were employed: 
C 
R Machined c l e a r a n c e  r a t i o  (-1 = 0,00214 
P 
c 
Assembled  c learance  ra t io  (b) = 0.0015 
R 
P i v o t  p o s i t i o n  (8 /B)  = 0.55 
Where: C = ( r a d i u s  of pad - r a d i u s  of s h a f t )  
P 
Cb = Dis tance  from b e a r i n g  c e n t e r  t o  pad a t  p i v o t  p o i n t  
8 = Angular  dis tance from pad leading edge t o  p i v o t  
8 = Pad a r c  l e n g t h  (80' for a four  pad bear ing)  
The  geomet r i c  p re load  r e su l t i ng  from t h e  c l e a r a n c e  r e l a t i o n s h i p s  
i s  0.3, which is s u f f i c i e n t  t o  i n s u r e  s t a b l e  o p e r a t i o n  ( f r e e d o m  from 
hal f   f requency   whi r l ) .   These   c learances  are small   enough t o  produce 
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ample f l u i d  f i l m  s t i f f n e s s  and damping without consuming undue power 
o r  becoming  sens2 t ive  to  no rma l ly  expec ted  fo re ign  pa r t i c l e s .  
The manufac tu r ing  to l e rances  are n o t  o v e r l y  cr i t ical ,  s i n c e  l a r g e  
v a r i a t i o n s  i n  t h e  machined  c learance  ra t io  can  be t o l e r a t e d  with only 
minimal e f f e c t s  on load capaci ty ,  s t i f fness ,  and damping,  as long  as 
t h e  a s s e m b l e d  c l e a r a n c e  r a t i o  is ma in ta ined .   T igh t   con t ro l   ( i n   t he  
range  of 0.0002 i n c h )  of t h e  assembled c l ea rance  is r e l a t i v e l y  e a s y  t o  
a c h i e v e  s i n c e  t h e  p i v o t  p l a t e  t h i c k n e s s  c a n  be a d j u s t e d  a t  assembly. 
The c a l c u l a t e d  p e r f o r m a n c e  ( e c c e n t r i c i t y  r a t i o ,  s t i f f n e s s  , and 
s p e e d )  f o r  each o f  the  tu rb ine  and  a l t e rna to r  j ou rna l  bea r ings  unde r  
both  Og and l g  c o n d i t i o n s  are shown on Figures 7.3-1 through 7.3-5. 
For  performance calculat ions,  the  p o t a s s i u m  l u b r i c a n t  was assumed 
t o  be a t  800°F. From a b e a r i n g  s t a n d p o i n t ,  t h e r e  is  no r eason  why t h e  
lub r i can t   t empera tu re   cou ld   no t   be   s ign i f i can t ly   r a i sed .  The v i s c o s i t y  
index of  potassium is q u i t e  small and a n  i n c r e a s e  i n  t e m p e r a t u r e  t o  
950'F would only reduce the s t i f fness ,  damping,  and load capaci ty  by 
about  13 pe rcen t .  A much l a r g e r  r e d u c t i o n  c o u l d  r e a d i l y  be accepted  w i t h  
- no ill effect. 
The bea r ing  pads ,  p ivo t s ,  and  pad  r e t a in ing  r ings  are of t h e  same 
materials as t h e  s l e e v e s  (Tic -+ 10% Cb f o r  t h e  turbine and Carboloy 
907 f o r  t h e  a l t e r n a t o r )  w h i c h  r e s u l t s  i n  n o  v a r i a t i o n  i n  b e a r i n g  clear- 
ance wi th  tempera ture .  S ince  i t  is n o t  p o s s i b l e  t o  s u p p o r t  a radial  
t e m p e r a t u r e  g r a d i e n t  i n  e x c e s s  o f  a few degrees w i t h i n  t h e  l i q u i d  metal 
f i l l e d  b e a r i n g  c a v i t y ,  no clearance change al lowance or non- r ig id  p ivo t  
arrangement i s  r e q u i r e d .  
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"" L 1"- I_ . . ." . "" "- 
ROTATIVE  SPEED, RPM 
LEGEND: 
CURVE NO. 3T  2.5T 3A 2.75A 
COPlPONENT TURBINE 47R199305 ALTERNATOR 263E329 
B EAR I NG FWD AFT FWD AFT 
LENGTH , IN. 3.00 2.50 3.00 2.75 
DIAMETER , IN. 3.00 2.50 3.00 2.75 
LOAD, LB. 80 25 200 200 
Figure 7.3-1. Turbine and Alternator  Bearing  Eccentricity  Ratios  Versus  Rotative 
. Speed.  ForAl1  Bearings: Assembled Clearance  Ratio ( C  / R )  = 0.0015; 
Geometric Preload (m) = 0.3; Potassium Lubricant a t  80 B O F ;  
Acceleration = 1 g. 
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F i g u r e  7.3-2.  3.0 I n c h   D i a m e t e r   T u r b i n e   B e a r i n g   S t i f f n e s s   a n d  Damping. 
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W = 0 LB. 
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LENGTH = 2.0 I N .  
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m = 0.3 
LUBRICANT = K AT 8OO0F 
REF. DWG. NO. 47R199305 
104 2 4 6 8 lo5 2 4 6 8 lo6 
STIFFNESS - K (LB/IN) AND DAMPING - wB (LB/IN) 
F i g u r e  7.3-3. 2.5 Inch   D iamete r   Tu rb ine   Bear ing   S t i f f ness   and  Dampinq. 
STIFFNESS - K (LB/IN) AND DAMPING -wB (LB/IN) 
F i g u r e  7.3-4. 3.0 Inch   D iameter   A l te rna tor   Bear ing   S t i f fness  and Damping. 
I I I I I  I I I I I  
2 
104 a m 
4 
2 
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\ . I = O L B .  ' 
/ 
D I A .  = 2.75 I N .  
LENGTH = 2.75 I N .  
Cb/R = 0.0015 
m = 0.3 
LUBRICANT = K AT  8OO0F 
REF. DWG. NO. 47R199303 
STIFFNESS - K (LB/IN) AND DAMPING - wB (LB/IN) 
F i g u r e  7.3-5. 2.75 I n c h   D i a m e t e r   A l t e r n a t o r   B e a r i n g   S t i f f n e s s  and  Damping. 
The p i v o t  d e s i g n  recommended for t h e  KTA components i s  a s p h e r e  
on a f l a t .  T h i s  c o n f i g u r a t i o n  e l i m i n a t e s  t h e  sometimes encountered 
"lock-up" problem i n   l i q u i d  metal l u b r i c a t e d  t i l t i n g  pad bearings, where 
t h e  h i g h  f r i c t i o n  c o e f f i c i e n t  c a n  c a u s e  a p ivot  wedging  ac t ion  upon 
s t a r t - u p .  When one of t h e  p i v o t  m e m b e r s  is a f l a t ,  no  ramp is provided 
for  wedging. 
With t h e  s p h e r e  a n d  f l a t  des ign ,  a s p h e r e  of r e l a t i v e l y  large 
r a d i u s  i s  r e q u i r e d  t o  min imize   t he   con tac t  stress. The maximum c o n t a c t  
stress o c c u r s  i n  t h e  a l t e r n a t o r  j o u r n a l s  u n d e r  t h e  2 0 g  l a u n c h  c o n d i t i o n ,  
where  pivot   loads  could  approach 4000 pounds  (20 x 200  lb/bear ing) .  To 
e l i m i n a t e  B r i n e l l i n g ,  t h e  p i v o t  s p h e r i c a l  r a d i u s  h a s  b e e n  set  a t  e i g h t  
i n c h e s ,  w h i c h  r e s u l t s  i n  t h e  fo l lowing  stress l e v e l s  w i t h  a 4000 pound 
imposed  load. 
225,000 p s i  fo r  Carboloy  907 (E = 60.1 x 10 p s i )  
195 ,000  ps i  for T i c  + 10% Cb (E = 54.3 x 10 p s i )  
6 
6 
These stress v a l u e s  are w e l l  below the 0.2 percent compressive 
y i e l d  v a l u e s  of 510,000 p s i  (C907)  and > 300,000 p s i  ( T i c )  a t  800'F. (7.2-1) 
A n o t h e r  c o n s i d e r a t i o n  i n  t h e  d e s i g n  of t h e  p i v o t  is  i t s  s t i f f n e s s .  
S i n c e  t h e r e  i s  m e a s u r a b l e  d e f l e c t i o n  a t  the  con tac t  unde r  load ,  t he  
p i v o t  i n t r o d u c e s  a compl i ance  in to  the  bea r ing  s t ruc tu re  wh ich  can  have  
a p ro found  e f f ec t  on  the  dynamic  behav io r  of t h e  rotor. However, i f  
t h e  p i v o t  s t i f f n e s s  i s  main ta ined  about  an  order  of magni tude  la rger  
t h a n  t h e  b e a r i n g  f l u i d  f i l m  s t i f f n e s s ,  o n l y  n e g l i g i b l e  effects  on ro to r  
dynamics are usual ly   observed.   The minimum p i v o t  . s t i f f n e s s  w i l l  occur  
o n  t h e  a f t  t u r b i n e  b e a r i n g ,  t h e  most l i g h t l y  l o a d e d  o n e ,  s i n c e  t h e  stiff- 
ness   under  direct  b e a r i n g  c o n t a c t  is a f u n c t i o n  of load.  The  pad  load 
on t h i s  b e a r i n g  u n d e r  Og o p e r a t i o n  a t  19,200 r p m  w a s  c a l c u l a t e d  t o  be 
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82 pounds and i t  has  a f l u i d  f i l m  s t i f f n e s s  of 2.3 x l o5  lb / in .  
(Al though there  is no  ne t  bea r ing  load  unde r  Og, t h e  p r e l o a d  f e a t u r e  
causes  a p o s i t i v e  force on each pad which i s  b a l a n c e d  w i t h i n  t h e  
bearing.) Aga in  t ak ing  an e i g h t  i n c h  s p h e r i c a l  r a d i u s  p i v o t ,  t h e  
s t i f f n e s s  u n d e r  a n  8 2  pound load is: 
1.74 x 10 lb / in .  f o r  T i c  + 10% Cb and 
1.98 x lo6 l b / i n .  f o r  Carboloy  907 
6 
Both of t h e s e  minimum s t i f f n e s s e s  are more t h a n  t e n  times t h e  
f l u i d  f i l m  s t i f f n e s s  a n d  are cons idered  adequate  f o r  rotor dynamic 
purposes.  
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7.4 THRUST  BEARINGS 
De ta i l ed  load  capac i ty  and  power consumpt ion  ca lcu la t ions  were 
made on three d i f f e r e n t  t h r u s t  b e a r i n g s  w h i c h  f i t  w i t h i n  t h e  KTA components 
and support  their  imposed axial f o r c e s :  
47R199305 Turbine 6 .25  in .  OD x 3.62 i n .  I D  
2633329 A l t e r n a t o r  6.0 i n .  OD x 4.0 in .  I D  
47R199303 A l t e r n a t o r  5.75 in.  OD x 3.75  in .  I D  
The i n s i d e  d i a m e t e r s  mere set by t h e  r e q u i r e m e n t  o f  f i t t i n g  a r o u n d  
t h e  b e a r i n g  c a v i t y  seals and  the  ou t s ide  d i ame te r s  were determined by 
the  load  r equ i r emen t .  All t h e  b e a r i n g  c a l c u l a t i o n s  were based  upon 
e i g h t  t i l t i n g  p a d s  w h i c h ,  f o r  t h e  d i ame te r  r a t io s  used ,  leads to pads 
which  have a h i g h  r a t i o  o f  c i r c u m f e r e n t i a l  l e n g t h h d t h .  A more nea r ly  
optimum des ign  inco rpora t ing  12  pads  would result  i n  a 14  percent  power 
saving and a 10 p e r c e n t  i n c r e a s e  i n  f i l m  t h i ckness  unde r  des ign  load  
condi t ions .  This  per formance  increase  was n o t  f e l t  t o  be large enough 
t o  w a r r a n t  t h e  c o m p l e x i t y  o f  t h e  50 p e r c e n t  g r e a t e r  number of pads,  
p i v o t s ,  a n d  l e v e l i n g  l i n k s .  
The t u r b i n e  t h r u s t  b e a r i n g  was s i zed  fo r  an  ae rodynamic  load  o f  
3000 pounds and a des ign  speed  p ivo t  f i l m  th ickness  of  0 .001  inch .  
This  aerodynamic load resu l t s  f rom the  mechanica l  des ign  turb ine  pressure  
r a t i o  of 35. If t h e  l o a d  were based upon t h e  f l u i d  d e s i g n  t u r b i n e  
p r e s s u r e  r a t i o  o f  2 1 . 2 ,  t h e  t h r u s t  l o a d  mould  be v e r y  s i g n i f i c a n t l y  
reduced and considerable  power sav ings  cou ld  be  e f f ec t ed  by reducing  
bea r ing  size. 
The a l t e r n a t o r  t h r u s t  k a r i n g s  were s i z e d  f o r  1 6 0 0  pound load 
and a f i l m  thickness of 0.0007 - 0.0010 inch .  The  1600  pounds was 
289 
. - " "_ - .. " ." """I" 
based upon prel iminary rotor  weight  estimates of 400 pounds i n  a 4g 
f o r c e  f i e l d .  The a c t u a l  r o t o r  w e i g h t  is somewhat l i g h t e r ,  w h i c h  w i l l  
r e s u l t  i n  s l i g h t l y  l a r g e r  f i l m  t h i cknesses  a t  des ign  cond i t ions .  
The load  capac i ty  and  power consumpt ion  fo r  t he  th ree  KTA t h r u s t  
bear ings  are shown on  Figures  7.4-1  through  7.4-3. The a l t e r n a t o r  
bear ings  are double  ac t ing  ( two t h r u s t  bear ings  oppos ing  the  same 
runner) ,  and the performance is shown f o r  t h r e e  d i f f e r e n t  v a l u e s  of 
assembly  c learance.  The c learance  should  be  kept  wi th in  the  va lues  of  
0.004 - 0.006. A r e d u c t i o n  i n  c l e a r a n c e  w i l l  o n l y  result in  unnecessa ry  
power consumption, while an increase will materially reduce  the  centered  
p o s i t i o n  s t i f f n e s s  w i t h o u t  s i g n i f i c a n t l y  r e d u c i n g  power.  The t u r b i n e  
t h r u s t  bea r ing  is  s i n g l e  a c t i n g  s i n c e  t h e  a e r o d y n a m i c  t h r u s t  i s  l a r g e r  
t h a n  t h e  s p e c i f i e d  a c c e l e r a t i o n  f o r c e s .  T k r e f o r e ,  no t h r u s t  r e v e r s a l s  
a r e  a n t i c i a p t e d .  A small r e v e r s e  o r  bumper t h r u s t  b e a r i n g  i n c o r p o r a t e d  
t o  l o c a t e  t h e  s h a f t  a t  assembly and t o  t a k e  i n a d v e r t a n t  t r a n s p o r t  s h o c k s .  
The  power consumption shown  on t h e s e  f i g u r e s  are f o r  t h e  pad area of  
t h e  b e a r i n g  o n l y ,  w h i l e  t h e  t o t a l  t h r u s t  b e a r i n g  power  shown i n  a n  
earlier s e c t i o n  o f  t h i s  r e p o r t  a l s o  i n c l u d e s  i n a c t i v e  f a c e  d i s k  f r i c t i o n  
and  cy l inder  losses  on  the  runner  outer  d ' i a rne te r .  
The load curves of Figures 7.4-1 through 7.4-3 c l e a r l y  show t h e  
margins  of fe red  by t h e  t h r u s t  b e a r i n g s ,  s i n c e  a l t e r n a t o r  b e a r i n g  l o a d s  
approaching 4000 pounds and turbine bear ing loads approaching 8000 
pounds can be imposed without  reducing the pivot  f i lm thickness  below 
0.0005 inch .  
F igure  7.4-4 summarizes c e r t a i n  i m p o r t a n t  p h y s i c a l  p a r a m e t e r s  of 
b o t h  t h e  j o u r n a l  a n d  t h r u s t  b e a r i n g s  o f  t h e  KTA t u r b i n e .  The 900'F 
p o t a s s i u m  l u b r i c a n t  i n l e t  t e m p e r a t u r e s  are assumed. The imposed  thrus t  
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l o a d s  are c a l c u l a t e d  o n  t h e  b a s i s  o f  2 0 g  f w d - t o - a f t  a c c e l e r a t i o n  d u r i n g  
l aunch  ac t ing  on  the  160  pound r o t o r  mass, and  on  the  s t eady- s t a t e  
b a s i s  o f  v a p o r  p r e s s u r e  d i f f e r e n t i a l s  across rotor components a c t i n g  
upon t h e  areas exposed t o  them.  The s e l e c t e d  b e a r i n g  g e o m e t r i c a l  
parameters  are shown w i t h  t h e  c a l c u l a t e d  w e i g h t s  of t h e i r  s t a t i c  
components,  based upon Tic + 10% Cb material. 
A similar s y n o p s i s  o f  t h e  a l t e r n a t o r  b e a r i n g s  is shown by F igure  
7.4-5. The 700°F b e a r i n g   l u b r i c a n t   t e n p e r a t u r e  is assumed.  With  the 
l aunch  acce le ra t ion  o f  20g  and  s t eady- s t a t e  maneuver  acce le ra t ion  o f  
4 g  a c t i n g  o n  t h e  r o t o r  mass of 353 pounds ,  th rus t  loads  of 7060 pounds 
and  1412  pounds are produced. The geometr ical   parameters  are shown f o r  
t h e  b e a r i n g s ,  w i t h  t h e  w e i g h t s  o f  t h e i r  s t a t i c  c o m p o n e n t s ,  based upon 
Carboloy 907 material. 
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7.5 KTA  START-UP 
I n  a d d i t i o n  t o  t h e  b e a r i n g  p e r f o r m a n c e  c h a r a c t e r i s i t i c s  a t  d e s i g n  
speed  under  the  var ious  loading  condi t ions  which  have  been  spec i f ied ,  
i t  i s  necessary  t o  also cons ide r  s t a r t -up  and  l o w  s p e e d  o p e r a t i o n  
condi t ions .   These  t w o  o p e r a t i n g  modes are more c r i t i c a l  w i t h  l i q u i d  
metal as a l u b r i c a n t  t h a n  w i t h  oils b e c a u s e  t h e  l i q u i d  metal, for a l l  
p r a c t i c a l   p u r p o s e s ,  offers  no   boundary   l ub r i ca t ion .   H igh   s t a r t i ng  
t o r q u e s  r e s u l t  a n d ,  i f  l o n g  p e r i o d s  of rubb ing  occur ,  su r f ace  damage 
w i l l  occur .  
The KTA s t a r t - u p  w a s  e v a l u a t e d  b y  a s s u m i n g  t h a t  t h e  a l t e r n a t o r  
could be u t i l i z e d  as a motor ing  device  before t h e  v a p o r  t u r b i n e  s u s t a i n s  
r o t a t i o n .  The fol lowing  assumptions were made i n  t h e  c a l c u l a t i o n  of 
f r i c t i o n  t o r q u e :  
- The KTA w a s  v e r t i c a l l y  o r i e n t e d .  T h i s  o r i e n t a t i o n  r e s u l t s  i n  
t h e  h i g h e s t  s t a r t i n g  t o r q u e  b e c a u s e  t h e  t h r u s t  b e a r i n g s  are 
l a r g e r  i n  d i a m e t e r  t h a n  t h e  j o u r n a l  b e a r i n g s ,  g i v i n g  a l a r g e r  
r e s t i v e  moment for  t h e  same weight   loading.  I n  c a l c u l a t i n g  
f r i c t i o n  t o r q u e ,  t h e  t h r u s t  b e a r i n g  o u t s i d e  r a d i u s  was used as 
t h e  moment arm. 
- The a l t e r n a t o r  j o u r n a l s  were l o a d e d  r a d i a l l y  by an unbalanced 
magnet ic  force of 75 lb /brg  from d i s p l a c i n g  t h e  ro tor  0.0045 
i n c h  from t h e  c e n t e r e d  p o s i t i o n .  T h i s  d i s t a n c e  w a s  e q u a l  t o  
the  d isp lacement  of t h e  j o u r n a l  from t h e  b e a r i n g  c e n t e r  t o  t h e  
pad s u r f a c e  when loaded between pivots .  
- The b e a r i n g  material f r i c t i o n  c o e f f i c i e n t  w a s  0.5. 
The f o l l o w i n g  f r i c t i o n  t o r q u e s  were c a l c u l a t e d :  
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wi th  
Two a l t e r n a t o r   j o u r n a l   b e a r i n g s  9.4 f t - l b  
A l t e r n a t o r   t h r u s t   b e a i n g  44.3 
T u r b i n e  t h r u s t  b e a r i n g  12.6 -
T o t a l  66.3 f t - l b  
S i n c e  t h e r e  is  n o  r a d i a l  l o a d  o n  t h e  t u r b i n e  j o u r n a l  b e a r i n g s  
v e r t i c a l  o r i e n t a t i o n ,  n o  f r i c t i o n  to rque  is developed. 
I n  a d d i t i o n ,  t h e  f i l m  t h i ckness  w a s  c a l c u l a t e d  fo r  each  bea r ing  as 
a f u n c t i o n  of s p e e d  f o r  t h e  assumed gravi ty  and magnet ic  loads (a  t y p i c a l  
f i l m  t h i c k n e s s  v s .  s p e e d  c u r v e  f o r  t h e  a l t e r n a t o r  t h r u s t  b e a r i n g  i s  
inc luded  as Figure  7.5-1).  To e s t a b l i s h  t h e  s p e e d  a t  which  dry  rubbing 
f r i c t i o n  c e a s e d ,  a c a l c u l a t e d  f i l m  t h i ckness  o f  100 microinches was 
assumed.  This i s  considered a conserva t ive   assumpt ion ,   s ince   coas t -  
down tests of  N a K  l u b r i c a t e d  b e a r i n g s  a t  MTI have shown t h a t  f u l l  f i l m  
l u b r i c a t i o n  e x i s t s  t o  c a l c u l a t e d  f i l m  t h i cknesses  o f  less t h a n  50 
microinches.  
F i n a l l y ,  t o  estimate t h e  time pe r iod  of bea r ing  rubb ing ,  t he  minimum 
c a l c u l a t e d  a l t e r n a t o r  m o t o r i n g  s p e e d - t o r q u e  c h a r a c t e r i s t i c  w a s  used t o  
c a l c u l a t e  rotor a c c e l e r a t i o n .  The r e s u l t s  o f  a l l  of t h e s e   c a l c u l a t i o n s  
are summarized on Figure 7.5-2. 
Here i t  is s e e n  t h a t  t h e  j o u r n a l s  l i f t  ( a t t a i n  a c a l c u l a t e d  f i l m  
t h i ckness  o f  100 microinches)  a t  about 140 rpm and are a c c e l e r a t e d  t o  
t h i s  s p e e d  i n  0.32  seconds. The thrus t   bear ings ,   which  are more h igh ly  
l o a d e d ,  l i f t  a t  about  240 rpm i n  0.73 seconds.  Table  7.5-1,  which 
compares t h e  KTA bear ing  loads ,  rubbing  speeds ,  and  rubbing  times wi th  
those of  appl icable  cemented carbide rubbing tests i n  h i g h  t e m p e r a t u r e  
NaK and potassium, shows that the KTA b e a r i n g  s t a r t - u p  s i t u a t i o n  i s  q u i t e  
mild.  Although a l l  of t h e  tests were successfu l  and  only  minor  pol i sh ing  
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TABLE 7.5- 1 
COMPARISON OF ALTERNATOR  START-UP  CONDITIONS  WITH 
APPLICABLE  CEMENTED  CARBIDE  MATERIALS  TESTS 
Alternator Alternator Vail's Wallace's 
Journal Thrust Tests Tests 
Bearing pressure 8.3 23.8 
Hertz stress - psi 
Lift-off speed - rpm 
725 31 9 15000-45000 18100 
140  240 - - 
Max. rubbing velocity - ft/sec 1.9 6.3  7.4  4.5 
Rubbing  time - sec .38 .73 72,300 78,000 
Rubbing distance - ft .35  1.2 9 1,000 350,000 
Reference 7.5-1 7.5-3 
7.5-2 
Frank & Moor's 
Tests 
94000 & 287000 
- 
16.7 
3,600 
60,000 
7.5-4 
of t h e  test spec imens  resu l t s ,  Frank  & Moor's tests are t h e  most 
app l i cab le  because  they  were accomplished i n  p o t a s s i u m  a t  400, 800, 
and 1200°F u t i l i z i n g   b o t h   T i c  + 10% Cb and a material very similar 
to  Carboloy 907. 
S i n c e  t h e  KTA bea r ings  are ve ry  l i gh t ly  loaded  and  the  rubb ing  
times based upon the assumed motoring torque avai lable  are s h o r t ,  no 
wear or ga l l i ng   t ype   s t a r t -up   p rob lems   shou ld   be   an t i c ipa t ed .  However, 
i t  can  be  seen  on  Figure  7.5-2 t h a t  t h e  s t a r t i n g  t o r q u e s  c a n  be q u i t e  
high (assuming a f r i c t i o n  c o e f f i c i e n t  of 0.5) a n d  t h a t  o t h e r  s t a r t i n g  
schemes, such as impingement  methods, may not  produce  the  torque  
r e q u i r e d  t o  overcome bearing s t a t i c  f r i c t i o n .  
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7.6 HYDROSTATIC JACKING 
If t h e  f i n a l  sys tem s ta r t -up  scheme should  be  def ic ien t  i n  s t a r t i n g  
torque  capabi l i ty ,  hydros ta t ic  jack ing  could  be  in t roduced  in to  the  
system. With hydros ta t ic  jack ing ,  po tass ium a t  h igh  pressure  would  be 
i n t r o d u c e d  d i r e c t l y  i n t o  t h e  b e a r i n g  p a d s  t o  s e p a r a t e  t h e  b e a r i n g  
su r faces  and  e l imina te  the  material s ta t ic  f r i c t i o n .  
The p r o b l e m  w i t h  h y d r o s t a t i c a l l y  j a c k e d  t i l t i n g  pad bearings is 
t h e  p h y s i c a l  i n t r o d u c t i o n  o f  t h e  h i g h  p r e s s u r e  f l u i d  i n t o  t h e  pad. 
The least complex method i s  t o   p i p e  it th rough  the  p ivo t  po in t  and 
u t i l i z e  t h e  p i v o t  as t h e  seal. This  approach is, however,  highly 
undes i rab le  because ,  wi th  the  p ivot  cen ter  removed t o  p r o v i d e  a flow 
p a t h ,  t h e  c h a r a c t e r i s t i c  m o t i o n  o f  t h e  p i v o t  becomes s l i d i n g  i n s t e a d  
of t h e  p r e f e r r e d  r o l l i n g .  With s l id ing  mot ion  a t  t h e  p i v o t ,  t h e  rate 
of  pivot  wear is increased  and  could  lead  to  premature  bear ing  failure.* 
Fur thermore ,  the  pad  res t ra in t  in t roduced  by t h e  s l i d i n g  p i v o t  f r i c t i o n  
can be s u f f i c i e n t l y  l a r g e  t o  p r e v e n t  t h e  pad from t r a c k i n g  t h e  s h a f t  
radial  motions,  which could lead t o  f r a c t i o n a l  f r e q u e n c y  i n s t a b i l i t i e s .  
For  these reasons,  several  arrangements  were eva lua ted  to  c i rcumvent  
t he  p ivo t  area when in t roduc ing  a h y d r o s t a t i c  f e e d  i n t o  t h e  pad. O f  
these, two showed promise i n  t h a t  t h e y  a p p e a r e d  t o  be reasonably simple,  
could be made t o  impose minimum r e s t r a i n t  upon t h e  t i l t i n g  pad, and 
should  not  be  fa t igue  l imi ted .  One concept, shown on Figure  7.6-1, 
u t i l i z e s  l o n g  f l e x i b l e  t u b e s  t o  i n t r o d u c e  t h e  f l u i d  t o  t h e  p a d .  I t  
has  the  advan tageous  ab i l i t y  to  inco rpora t e  check  va lves  in to  each  pad 
feed l i n e  t o  p r e v e n t  back flow of the hydrodynamic pressures into unloaded 
* Endurance  tes t ing  of t h e  NaK l u b r i c a t e d  SNAP 8 NaKP"A has exceeded 
10,000 hours with no apparent degradation of t h e  b e a r i n g  p i v o t s ,  which 
were o f  t he  ro l l i ng  des ign .  No  similar experience has been accumulated 
o n  s l i d i n g  l i q u i d  metal l u b r i c a t e d  p i v o t s .  
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Figure 7.6-1. Concept f o r  Feeding  Jacking  Fluid  Through Long F lex ib l e  Tubes. 
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pads or the   hydros t a t i c   sys t em.  The d i sadvan tages   o f   t h i s   a r r angemen t  
are t h e  a s s e m b l y  d i f f i c u l t y  a n d  t h e  p o t e n t i a l  f o r  i n t r o d u c i n g  pad 
restraint  by assembly strains.  
The o ther   concept  i s  shown on  Figure  7.6-2.  I t  avoids   the  assembly 
and res t ra int  p rob lem in t roduced  by  the  supp ly  tub ing .  In  th i s  des ign ,  
t h e  h i g h  p r e s s u r e  h y d r o s t a t i c  l u b r i c a n t  is  i n t r o d u c e d  i n t o  a c a v i t y  
a round the  p ivot ,  where  i t  d i scha rges  th rough  the  bea r ing  res t r ic tor  
i n t o  a small h y d r o s t a t i c  s u p p l y  p r e s s u r e .  A f t e r  t h e  s t a r t - u p  h a s  b e e n  
accompl i shed ,  t he  hydros t a t i c  j ack ing  supp ly  is  turned  of f  and  the  
d iaphragm re turns  t o  i t s  n o r m a l  f r e e  p o s i t i o n  away f r o 3  t h e  p i v o t .  
I n  t h i s  way the pad becomes to t a l ly  uns t r a ined  and  the  d i aphragm seal 
is  n o t  s u b j e c t e d  t o  f a t i g u e  stresses i n  i t s  normal  operat ion mode. 
Without a check valve between the pad pocket  and the cavi ty  behind 
the  pad ,  the  hydrodynamic  pressure  genera ted  in  the  pad  dur ing  normal  
opera t ing  can  leak  in to  the  dra in  cavi ty  and  degrade  the  hydrodynamic  
performance.   Check  valves   have  been  bui l t   in to   pads i n  some gas  
b e a r i n g  a p p l i c a t i o n s  t o  a v o i d  t h i s  p r o b l e m ,  b u t  i t  is f e l t  t o  be 
u n r e l i a b l e  i n  a l i q u i d  metal bea r ing  because  o f  po ten t i a l  p lugg ing  
problems. 
Prel iminary hydrodynamic performance calculat ions for  t h e  concepts  
shown on Figures 7.6-1 and 7.6-2 were made as a comparison and t o  
e s t a b l i s h  t h e  p r a c t i c a l i t y  o f  h y d r o s t a t i c  j a c k i n g .  I t  w a s  assumed t h a t  
i t  would be n e c e s s a r y  f o r  a 2.5-inch diameter by 2 . 5 - i n c h  l o n g  t i l t i n g  
p a d  j o u r n a l  t o  l i f t  2 1 5  p o u n d s  a n d  s u p p o r t  i t  a t  a f i l m  t h i c k n e s s  o f  
0.0002 i n c h ,  u t i l i z i n g  a 130 ps i   hydros t a t i c   supp ly .   Th i s   app rox ima tes  
t h e   c o n d i t i o n   o f   t h e   h o r i z o n t a l l y   o r i e n t e d  KTA a l t e r n a t o r .  To accomplish 
t h i s ,  a 0.75-inch wide by 32' l o n g  p o c k e t  i n  t h e  pad  would  be r e q u i r e d  
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F i g u r e  7.6-2. Concept f o r  H y d r o s t a t i c  J a c k i n g  U t i l i z i n g  a Diaphram  Seal. 
w i t h  a 0.0514-inch  diameter   supply restrictor. These   conf igura t ions  
and the assumed requirements  of the hydrodynamic evaluat ion are shown 
on F i g u r e  7.6-3. 
I n  T a b l e  7.6-1, the  hydrodynamic  load  and  s t i f fness  of  a p l a i n  
t i l t i n g  pad  bear ing  (wi th  no  pocket  or s u p p l y  o r i f i c e ) ,  h a v e  been 
a r b i t r a r i l y  set a t  100. The t a b l e  shows tha t  t he  p re sence  o f  t he  hydro -  
s t a t i c  j ack ing  pocke t  w i th  a b locked  o r i f i ce  (no  backf low,  as w i t h  a 
check  va lve)  reduces  the  load  by f i v e  p e r c e n t  a n d  s t i f f n e s s  by n ine  
p e r c e n t .   T h i s  i s  because the   pocke t   p reven t s   t he   e s t ab l i shmen t   o f   t he  
normal peak p r e s s u r e s  a n d  f l a t t e n s  t h e  p r e s s u r e  p r o f i l e  o v e r  t h e  p o c k e t .  
I f  t h e  normal hydrodynamic pressure were a l lowed to  b leed  through the  
0 .0514- inch  d i ame te r  o r i f i ce  a f t e r  t he  j ack ing  p res su re  w a s  removed, 
t h e  r e s u l t i n g  l o a d  a n d  s t i f f n e s s  would  be on ly  53 percent  gha t  of  a 
pure ly   hydrodynamic   t i l t ing   pad   bear ing .   This  i s  o b v i o u s l y   i n t o l e r a b l e .  
S m a l l e r  o r i f i c e  d i a m e t e r s  w e r e  assumed, t o  i n c r e a s e  t h e  r e s i s t a n c e  
t o  f l o w  t h m u g h  t h e  r e s t r i c t o r .  The hydrodynamic  performance became 
c l o s e r  t o  that which could be achieved with check valves i n  t h e  pad 
f low  c i r cu i t .   Or i f i ce   d i ame te r s   o f  0.0162 and  0.00514  inch were assumed, 
and  hydrodynamic  load  capac i ty  and  s t i f fness  va lues  w e r e  c a l c u l a t e d  
with  the  reduced  backflows.   The  increased  hydrodynamic  performance 
shown i n  T a b l e  7.6-1 w i t h  t h e s e  smaller o r i f i c e s  i s  s i g n i f i c a n t ,  b u t  
o r i f i c e s  o f  s u c h  a small diameter  present  two  problems. Not only are 
t h e y  v e r y  s u s c e p t i b l e  t o  p l u g g i n g  b u t  t h e y  r e q u i r e  u n r e a l i s t i c  s u p p l y  
p re s su res  ( lo4  and  lo6 p s i )  t o  s u p p o r t  t h e  l o a d  d u r i n g  t h e  h y d r o s t a t i c  
j acki   ng  mode. 
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hp = 0.0002 
DIA .  = 2.5 INCHES 
LENGTH = 2.5 INCHES 
ASSEMBLED C/R = 0.00 
PRELOAD = 0.3 
SUPPLY 
W = 215 LB. 
BEARING CONFIGURATION 
PAD CONFIGURATION 
INCHES 
15 
F i g u r e  7.6-3. H y d r o s t a t i c a l l y   J a c k e d   T i l t i n g  Pad   Jou rna l .  
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TABLE 7.6-1 
I 
i 
G) 
0 
(0 
I 
EFFECT OF JACKING  PAD ON DESIGN  SPEED 
HYDRODYNAMIC PERFORMANCE 
Pocket dim. None 0.75" x 32O 0.75" x 32' 0.75" x 32O 0.75" x 32O 
Orifice dia,  in. None Blocked 0.0514 0.0162 0.00514 
Supply pressure,  psia - - 130 104 106 
Load  rating 100 95 53 75 87 
Stiffness  rating 100 91 53 70 81 
7 
Pocket  bleeding to 
ambient  through orifice 
From t h i s  e v a l u a t i o n  i t  is  conc luded  tha t ,  i f  n e c e s s a r y ,  h y d r o s t a t i c  
j a c k i n g  of t h e  t i l t i n g  pad j o u r n a l  b e a r i n g s  c o u l d  be accomplished. 
However, i n  order t o  avoid  undue degradat ion in  hydrodynamic performance 
under  normal  opera t ing  condi t ions ,  i t  i s  necessary  t o  i n c o r p o r a t e  a 
check  va lve  in to  each  pad  c i r cu i t .  
S i m i l a r  c a l c u l a t i o n s  w e r e  no t  made fo r  t h e  t h r u s t  b e a r i n g  b e c a u s e  
it w a s  a p p a r e n t  t h a t  t h e  i n t r o d u c t i o n  of j a c k i n g  f l u i d  t o  t h e  e i g h t  
pads would  be i n t o l e r a b l y  complex.  Not  only i s  t h e r e  less space  around 
the  th rus t  bea r ing ,  bu t  t he  doub le  l eve l ing  l i nk  rows  p reven t  access t o  
the   pads  from t h e  rear. I f  j a c k i n g  of t h e  t h r u s t  b e a r i n g s  s h o u l d  
become necessary  t o  m i n i m i z e  t h e  s t a r t i n g  t o r q u e ,  a f ixed geometry 
d e s i g n  similar t o  t h e  s t e p  b e a r i n g  d e s i g n  p r e s e n t e d  i n  t h e  P h a s e  I 
r e p o r t  w i l l  be  r equ i r ed .  
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7.7 BEARING AND SEAL  JOURNAL  STRESSES AND MATERIAL  CONSIDERATIONS 
General 
The q u e s t i o n  o f  t h e  e f f e c t s  o f  d i f f e r e n t i a l  t h e r m a l  e x p a n s i o n  
c o e f f i c i e n t s  a r i s e s  as a p o s s i b l y  s i g n i f i c a n t  f a c t o r  t o  be considered 
when c a r b i d e  b e a r i n g  j o u r n a l  m a t e r i a l s  a r e  t o  be used on a KDTZM-1175 
r o t o r   s h a f t .   F i g u r e   7 . 7 - 1  shows t h e  ave rage   coe f f i c i en t s   o f   t he rma l  
expansion of se l ec t ed  ma te r i a l s  f rom 200 - 900°F. Tic + 10% Cb matches 
Mo-TZM r e l a t i v e l y   c l o s e l y ,   w i t h  i t s  c o e f f i c i e n t   a b o u t  1 x 10  in./in. 'F 
h igher   than  t h a t  of Mo-TZM. Carboloy  907, on t h e  other   hand,  a material 
used i n  t h e  a l t e rna to r  bea r ings ,  ma tches  t h e  c o e f f i c i e n t  of Mo-TZM 
almost   exact ly .   Carboloy 907 has  a dens i ty   o f   0 .531   pc i ,  three times 
a s  g r e a t  as t h a t  o f  Tic + 10% Cb, t h e r e f o r e  c o n t r i f u g a l  s t r e s s e s  
generated i n  Carboloy 907 w i l l  be three times those of  Tic + 10% Cb 
a t  s imilar   speeds  and  geometry.  , 
-6 
Both Tic + 10% Cb (0.33 Fe - 0.73 Co - 5.85 WC - 9.54 Cb - b a l .  T i c )  
and  Carboloy  907 (0.08 Fe - 6 Co - 20 TaC - 0.02 o ther  meta ls  - ba l .  WC) 
a r e  c a r b i d e  m a t e r i a l s  w i t h  high compressive s t rengths  and are  expected 
t o  have good f r i c t i o n  and wear p r o p e r t i e s  i n  l i q u i d  p o t a s s i u m  a t  e l eva ted  
temperatures   (7 .7-1) .  
Turbine Bearing/Seal  Journals  
Assuming i so thermal  s teady-s ta te  opera t ing  condi t ions ,  there a r e  
s t i l l  two p r i n c i p a l  s o u r c e s  o f  stresses i n  b e a r i n g  and seal j o u r n a l s  - 
s h r i n k  stresses a n d   c e n t r i f u g a l  stresses. The s h r i n k  stresses are 
requi!red, i n  the  absence  o f  mechan ica l  l ock ing  dev ices ,  t o  p roduce  a 
f r i c t iona l  fo rce  wh ich  p reven t s  re la t ive motion between t h e  s h a f t  and 
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F i q u r e  7.7-1. A v e r a q e   C o e f f i c i e n t  o f  Thermal  Expansion o f  KTA M a t e r i a l s .  
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j ou rna l .  Fo r  a material combination such as a TZM s h a f t  a n d  T i c  + 10% Cb 
j o u r n a l ,  t h e  j o u r n a l  grows  away from t h e  s h a f t  a t  e l e v a t e d  temperatures. 
Therefore ,  a r e l a t i v e l y  large assembly  shr ink  stress is  r e q u i r e d  t o  
p roduce   an   ope ra t ing   t empera tu re   sh r ink  stress. Also, t h e  g r e a t e r  
deformation of t h e  j o u r n a l  t h a n  t h e  s h a f t  d u e  t o  c e n t r i f u g a l  stresses 
adds  t o  the  a s sembly  sh r ink  stress requirements .  
The r e l a t ive  magn i tudes  and  senses  of s h r i n k  a n d  c e n t r i f u g a l  stresses 
are shown i n  F i g u r e  7.7-2.  The s h r i n k  stresses are d e r i v e d  from a 
common i n t e r f a c e  p r e s s u r e  w h i c h  tries t o  expand  the  ou te r  r i ng  and  
compress   the   inner   one .   In   the   inner   r ing ,   compress ive   shr ink  stresses 
combine w i t h  t e n s i l e  c e n t r i f u g a l  stresses. I n  t h e  o u t e r  r i n g ,  b o t h  
t a n g e n t i a l  stresses are t e n s i l e ,  w h i l e  t h e  r a d i a l  s h r i n k  stress is  
s t i l l  compressive  but  lower i n  magnitude  than for  t h e  i n n e r  r i n g .  Also,  
t h e  c e n t r i f u g a l  stress l e v e l s  i n  t h e  o u t e r  r i n g  w i l l  b e  h i g h e r  t h a n  i n  
t h e  i n n e r  r i n g  b e c a u s e  of l a r g e r  rad i i ,  p r o v i d e d  t h e  d i f f e r e n c e  i n  
material d e n s i t i e s  d o  n o t  o v e r r i d e  t h i s  c o n s i d e r a t i o n  ( u n l i k e l y ) .  
This  i s  seen  f rom the  terms of  material d e n s i t y  p, r o t a t i n g  s p e e d  w, 
r a d i u s  r ,  a n d  g r a v i t a t i o n a l  c o n s t a n t  g which  compr ise  the  cent r i fuga l  
factor :  
pro2r2 
Thus, for  t h e  r a n g e  of p r e s e n t  i n t e r e s t ,  t h e  d e s i g n  a p p r o a c h  i s  t o  
f i r s t  c a l c u l a t e  t h e  i n t e r f e r e n c e  which exists be tween the  shaf t  and  
j o u r n a l  a t  bo th  room tempera ture  and  opera t ing  tempera ture ,  and  a t  0 
rpm  and t h e  maximum speed a t  wh ich  in t e r f e rence  is needed. I f  c l e a r a n c e  
exists unde r  any  cond i t ion ,  t ha t  c l ea rance  is a d j u s t e d  t o  zero and a l l  
o t h e r  i n t e r f e r e n c e s  rise. 
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Figure  7.7-2. Stresses i n   Sh runk -F i t y   Ro ta t i ng ,   Concen t r i c   Sha f t  and 
Journal .   Tension = +, Compression = -. (Ref.  7.7-1) 
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The i n t e r f e r e n c e s  c a n  o n l y  exist b y  d e f o r m i n g  t h e  i n n e r  r i n g  
( s h a f t )  inward and  expand ing  the  ou te r  r i ng  ( jou rna l )  ou tward ,  w i th  the  
sum of t h e  t w o  d e f o r m a t i o n s  e q u a l l i n g  t h e  i n t e r f e r e n c e .  By combining 
t h e  appropriate e q u a t i o n s ,  a mutual interface p r e s s u r e  may be found 
which  produces  the  requi red  deformat ions ,  and  from t h e  p r e s s u r e  c a n  be 
f o u n d   t h e   s h r i n k  stresses. The c e n t r i f u g a l  stresses are added t o  
p roduce  the  t o t a l  stresses. 
I t  is  assumed t h a t  p r o v i d i n g  p o s i t i v e  r e t e n t i o n  t o  30,000 rpm 
(1.56 ND) i s  sa t i s f ac to ry .  Wi th  an  a s sumed  ope ra t ing  t empera tu re  of 
900°F f o r  bo th  sha f t  and  jou rna l ,  a s sembly  sh r ink  stresses of 18 - 34 
k s i  are p r e d i c t e d  fo r  a l l  t he  bea r ing  and  seal j o u r n a l s  a n d  t h e  t h r u s t  
bea r ing  runne r  of t h e  t u r b i n e .  I n  F i g u r e  7.7-3 t h e  maximum e f f e c t i v e  
stresses ( j o u r n a l  i n n e r  r a d i u s )  are shown. As t h e  p a r t s  r e a c h  900°F, 
w i t h o u t  r o t a t i o n ,  t h e  s h r i n k  stresses drop  t o  3 - 19 k s i .  From t h i s  
p o i n t ,  t h e  s h r i n k  stresses d r o p  l i n e a r l y  ( o n  rpm2 scale) t o  zero at  
30,000 rpm. On t h e  same scale, t h e   c e n t r i f u g a l  stresses rise l i n e a r l y  
w i t h  s p e e d ,  u s i n g  t h e  model  of a r o t a t i n g  f l a t  d i s k  w i t h  c e n t r a l  h o l e  
for  the   j ou rna l s .   The  t o t a l  e f f e c t i v e  stresses p l o t t e d ,   t h e n ,  are t h e  
sums of t h e  s h r i n k  stresses a n d  t h e  c e n t r i f u g a l  stresses which a c t  a t  
t h e   i n n e r   d i a m e t e r  of t h e  c a r b i d e  p i e c e s .  The stresses i n  t h e  s h a f t  
material are of less concern.  The  behding stresses i n  t h e  t h r u s t  
bea r ing  due  t o  t h e  a c t i o n  of t h e  t h r u s t  l o a d s  w h i c h  i t  s u p p o r t s  are 
also of less concern.  
The a l l o w a b l e  u l t i m a t e  t e n s i l e  s t r e n g t h  ( t r a n s v e r s e  r u p t u r e )  of 
t h e  T i c  + 10% Cb material is e s t i m a t e d  t o  be approximately 65 - 75 k s i  
a t  room t empera tu re  and  s l igh t ly  less a t  WOOF. T h i s  estimate i s  based 
upon the best ava i l ab le  in fo rma t ion  f rom a vendor of t h i s  material, and 
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appears  t o  be r e a l i s t i c a l l y  l o w  by comparison t o  the  u l t ima te  compress ive  
s t r e n g t h  of t h e  m a t e r i a l s .  However, i t  i s  also p o s s i b l e  t h a t  t h e  t r a n s v e r s e  
r u p t u r e  s t r e n g t h  s h o u l d  be f u r t h e r  d e r a t e d ,  s i n c e  t h e  t r a n s v e r s e  r u p t u r e  
test loads  on ly  a l i n e  of the  spec imen,  wi th  a l i m i t e d  number of p o s s i b l e  
flaws, t o  t h e  maximum t e n s i l e  stress. S h r i n k - f i t t i n g  exposes t h e  f u l l  
i n n e r  surface of t h e  c a r b i d e  j o u r n a l  t o  t h e  t e n s i l e  stress, w i t h  a 
cor respondingly  much g r e a t e r  number of p o s s i b l e  fracture o r i g i n  sites. 
From Reference  7 .7-3 ,  the  average  compress ive  proper t ies  are: 
T o t a l  S t r a i n  
Temp. P.L. 0.2% o f f s e t  ucs a t  End 
Material OF k s i  k s i   k s i  of T e s t  
C907 800 255.0 510 .O x 0 8 . 5  1.9 - 2.5% 
C 9 0 7  1200  270.5 422 .O 495.5 
T i c  + 10% Cb 800 " -- 383.5 
T i c  + 10% Cb 1200  283.0 -- 331 .O 
"
The a l l o w a b l e  u l t i m a t e  t e n s i l e  s t r e n g t h  of t h e  materials could be 
cons iderably  lower t h a n  t h e  estimates b e f o r e  close proximity t o  t h e  
c a l c u l a t e d  stresses e x i s t s .  However, t h e   e x i s t e n c e  of such   proximi ty  
i s  a very  real  p o s s i b i l i t y  w h i c h  must  be determined before  the bear ing 
and seal j o u r n a l  d e s i g n  i s  f i x e d .  One p r e l i m i n a r y  tes t  made a t  GE-NSP 
of a T i c  + 10% Cb r i n g  s h r u n k  o n  a TZM s h a f t  i n d i c a t e s  t h a t  t h e  
allowable u l t i m a t e  t e n s i l e  s t r e n g t h  of T i c  + 10% Cb  may be so  l o w  t h a t  
t h e   r e q u i r e d  stresses are not  safe. I n  t h i s  case, t h e   c o n i c a l   e n d  
scheme of r e t a i n i n g  j o u r n a l s  c o u l d  be used ( t o  be d i s c u s s e d  later) ,  a 
l i g h t e r  s h r i n k  f i t  could be chosen or mechanica l  p inning  could  be provided,  
or t h e  material used i n  t u r b i n e  j o u r n a l s  must be one which has a thermal  
e x p a n s i o n  c o e f f i c i e n t  closer t o  t h a t  of t h e  TZM s h a f t ,  s u c h  as tungs ten  
c a r b i d e  w i t h  r e f r a c t o r y  b i n d e r .  
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On t h e  o t h e r  hand ,  h igher  a l lowable  u l t imate  tensi le  s t r e n g t h s  are 
i n d i c a t e d  by  some handbooks. From Reference  7.7-4: 
T i  C wc 
T e n s i l e  S t r e n g t h ,  k s i  
7 5F 26-134  130 
Transve r se   Rup tu re   S t r eng th ,   k s i  122 -2 36  175-460 
Compressive  Strength,   ks i  2 6 5-4 50  18-800 
Tensile/Compressive  0.10-0.30  0.25-0.16 
Transverse  Ruptur /Compressive  0.46-0.52  0.34-0.58 
If  t h e  t r a n s v e r s e  r u p t u r e  s t r e n g t h s  be e s t i m a t e d  f r o m  t h e  l a t t e r  
r a t io ,  t he  a l lowab le  s t r eng ths  e s t ima ted  f rom the  u l t ima te  compress ive  
stresses o f  t h e  p r e v i o u s  t a b l e  f o r  C907 and T i c  + 10% Cb a t  800°F are:  
T i c  + 10% Cb - 383.5  (0. ) - 1 9 0   k s i
C907 - 608.5  (0.4) - 240 k s i  
The c o r r e s p o n d i n g  t e n s i l e  s t r e n g t h s  would be : 
T i c  + 10% Cb - 383.5 (0.2) - 80 k s i  
C907 - 608.5 (0.2) - 130 k s i  
- 
S h r i n k  f i t  tests on d i s k s  would provide more meaningfu l  da ta  
t h a n  t e n s i l e  tests f o r  t h e  d e s i g n  o f  b e a r i n g  j o u r n a l s .  
Carboloy 907 would be a d e s i r a b l e  m a t e r i a l  f o r  u s e  i n  t h e  t u r b i n e  
bear ing/sea l  journa ls  because  of  the  c lose  match  of  i t s  thermal  
e x p a n s i o n  c o e f f i c i e n t  w i t h  t h a t  o f  t h e  TZM s h a f t ,  b u t  t h e  c o b a l t  b i n d e r  
i s  n o t  d e s i r a b l e  i n  the  main  potassium  loop.  Because o f  t he  h igh  dens i ty  
( 0 . 5 3 1  p c i ) ,  t h e  c e n t r i f u g a l  stresses i n  Carboloy 907 rise r a p i d l y  w i t h  
s p e e d ,  r e q u i r i n g  t h a t  i t s  use  be l i m i t e d  t o  p a r t s  s m a l l e r  t h a n  t h e  t h r u s t  
bea r ing  inserts.  
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Alterna tor  Conica l -End Journa l  
S i n c e  t h e  a l t e r n a t o r  s h a f t  i s  H-11 steel, wi th  a h i g h  c o e f f i c i e n t  
o f  t he rma l  expans ion ,  and  the  bea r ing  jou rna l s  are Carboloy 907, with 
low c o e f f i c i e n t  of thermal  expans ion ,  spec ia l  means m u s t  be provided 
for accommodating  thermal  expansion. A method for doing so i s  shown 
on F igure  7.7-4. T h i s  d e v i c e  h a s  b e e n  b u i l t  a n d  t e s t e d  by GE-NSP t o  
p r o v e   t h e   p r i n c i p l e .  The c a r b i d e   j o u r n a l   h a s   s u f f i c i e n t   c l e a r a n c e   f r o m  
t h e  s h a f t  a t  i ts I D  t h a t  t h e  components never contact each other 
w i th in   t he   des ign   t empera tu re   r ange .   In s t ead ,   t he   j ou rna l  i s  l o c a t e d  
ax ia l ly  and r a d i a l l y  by two end r ings of  the same material as t h e  s h a f t .  
Axial l o a d  r e s t r a i n t s  i s  provided by a nu t  and  Be l l ev i l l e  sp r ing .  The 
key t o  t h i s  method i s  the matching cones of the  jou rna l  and  the  end  r ings .  
I f  t he  apexes  o f  t he  cones  t e rmina te  a t  t h e  j u n c t i o n  o f  t h e  c e n t e r l i n e  
o f  r o t a t i o n  and t h e  a x i a l  c e n t e r l i n e  o f  t h e  j o u r n a l ,  a n d  t h e  j o u r n a l  
w i l l  s l i d e  o n  t h e  e n d  r i n g  c o n i c a l  s u r f a c e ,  t h e  d i f f e r e n t i a l  t h e r m a l  
expansion will be  automatically  compensated.  This i s  expres sed ,  for 
a p o i n t  o n  t h e  c o n i c a l  i n t e r f a c e  l o c a t e d  a n  a x i a l  d i s t a n c e  L and a 
r a d i a l  d i s t a n c e  R from the apex of the cone having apex angle 28: 
t a n  I3 = t a n  B '  H 1 1  
-  
tan "C907 
" 
R R R  
L L L  
- - = -  
The c o n f i g u r a t i o n  shown or one similar t o  i t  h a s  undergone 20 
s t a t i c  thermal  cyc le  tests i n  l i q u i d  p o t a s s i u m  a t  tempera tures  of  250 - 
800'F w i t h  n o  g a l l i n g ,  s e i z u r e ,  or l o s s  o f  c o n c e n t r i c i t y .  The j o u r n a l  
d i ame te r  w a s  2.625 inches and a 600 pound s p r i n g  p r e l o a d  w a s  used. 
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Another 20 cycles were run  wi th  the  end  r ing  con ica l  f aces  coa ted  wi th  
Linde LW-1 t u n g s t e n  c a r b i d e .  No ill e f f e c t s  were noted,  but i t  w a s  
concluded  tha t  the  per formance  of the  uncoated  r ings  was s a t i s f a c t o r y .  
I n  a dynamic Liquid Metal Bearing T e s t  Rig, a s i m i l a r  d e s i g n  w a s  
r o t a t e d  t o  20,000 rpm while loaded t o  100 l b / b e a r i n g  i n  800'F potassium. 
No s l i p p a g e ,  g a l l i n g ,  o r  l o s s  o f  concen t r i c i ty  w a s  noted. 
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7 . 8  SUMMARY AND CONCLUSIONS 
The j o u r n a l  b e a r i n g s  were s i z e d  t o  meet the  requi rements  of t h e  KTA 
ro to r  dynamics ,  wh ich  r e su l t s  i n  bea r ings  tha t  are overdesigned from 
a load  capaci ty   s tandpoint .   This   has   the  advantage,   however ,  of a l l o w i n g  
t h e  KTA t o  o p e r a t e  f o r  l o n g  p e r i o d s  o f  t i m e  and  wi th  r easonab le  th i ck  
f i l m s  (8 € 0.85) i n  a lg  envi ronment  a t  speeds as low a t  2000 rpm. The 
t h r u s t  b e a r i n g s  were s i z e d  t o  meet the  long- te rm opera t ing  requi rement  
of 4g's and have somewha t  less load  margin  than  do  the  journa ls  because  
o f  t h e  d e s i r e  t o  minimize the power consumption of  the thrust  bear ing,  
t h e  largest  c o n t r i b u t e r  t o  t h e  t o t a l  b e a r i n g  seal p a r a s i t i c  power. 
The a l t e r n a t o r  t h r u s t  bearing, however, w i l l  o p e r a t e  a t  2000 rpm w i t h  
a l g  l o a d  a t  a f i l m  t h i c k n e s s  o f  0.3 m i l s  (see Figure 7.5- l ) ,  which i s  
s u f f i c i e n t l y  l a r g e  t o  t o l e r a t e  l o n g - t e r m  o p e r a t i o n .  
The recommended p i v o t  c o n f i g u r a t i o n  for a l l  bea r ings  i s  a sphe re  
on a f l a t ,  which w i l l  e l i m i n a t e  t h e  p o s s i b i l i t y  o f  l o c k - u p  upon s t a r t i n g .  
With a s p h e r i c a l  p i v o t  r a d i u s  o f  e i g h t  i n c h e s ,  t h e  c o n t a c t  stresses 
are low enough t o  e l i m i n a t e  t h e  p o s s i b i l i t y  o f  E r i n e l l i n g  t h e  p i v o t s  
under   the 2Og launch   condi t ion .  
The problem of KTA s t a r t - u p  w a s  considered and i t  i s  conc luded  tha t  
b e a r i n g  f r i c t i o n  d o e s  n o t  p r e s e n t  a problem i f  t h e  a l t e r n a t o r  i s  used 
as a motor starter. Bearing  loads  and  rubbing times are very  low  and 
t h e  b e a r i n g s  s h o u l d  n o t  b e  s u s c e p t a b l e  t o  g a l l i n g  or wear upon s t a r t - u p .  
I f  a lower  to rque  source  than  the  a l t e rna to r  is u t i l i z e d  for s t a r t - u p ,  
h y d r o s t a t i c  j a c k i n g  c o u l d  b e  i n c o r p o r a t e d  t o  e l i m i n a t e  b e a r i n g  f r i c t i o n  
to rque .  
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H y d r o s t a t i c a l l y  j a c k e d  t i l t i n g  pad journal  bear ings where the hydro-  
s t a t i c  supply w a s  c i rcumvented  around  the  pivot  were eva lua ted .  I t  
is  conc luded  tha t  such  bea r ing  types  are feas ib le ,  bu t  check  va lves  
are r e q u i r e d  i n  e a c h  p a d  c i r c u i t  t o  e l i m i n a t e  b a c k f l o w  o f  t h e  h y d r o d y n a m i c  
p res su re   unde r   no rma l   ope ra t ion .   Hydros t a t i ca l ly   j acked   t h rus t   bea r ings  
were deemed i m p r a c t i c a l  because of  the complexi ty  of i n t r o d u c i n g  t h e  
h i g h  p r e s s u r e  f l u i d  t o  t h e  p a d s .  I f  h y d r o s t a t i c a l l y  j a c k e d  t h r u s t  
bea r ings  are r e q u i r e d ,  a so l id  geomet ry  des ign  i s  recommended. 
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8. BEARING ROTOR RESPONSE 
During  Phase 11, t h e  e l e v e n  s t a g e  t u r b i n e  a n d  450 KW a l t e r n a t o r  
c o n c e p t s  were s u b j e c t e d  t o  a number  of c r i t i ca l  speed and bearing- 
r o t o r  r e s p o n s e  a n a l y s e s  s u c h  t h a t  t h e  r o t o r  d e s i g n s  c o u l d  be  optimized 
from a v i b r a t i o n a l   s t a n d p o i n t .  The r e s u l t s  of t h e s e   a n a l y s e s   f o r   t h e  
f i n a l  r o t o r  c o n f i g u r a t i o n s  a r e  p r e s e n t e d  i n  t h i s  s e c t i o n  o f  t h e  r e p o r t .  
The f i n a l  KTA r o t o r s  are a l l  very w e l l  behaved i n  t h a t  t he  
s y n c h r o n o u s  v i b r a t i o n  a m p l i t u d e s  a r e  small - no  where  do t h e y  exceed 
0 . 4  m i l s  i n  t h e  s p e e d  r a n g e  t o  2 4 , 0 0 0  rpm,  and a l l  p o t e n t i a l  l a t e r a l  
r e s o n a n c e s   a r e   n e a r   c r i t i c a l l y  damped. A p o t e n t i a l  t o r s i o n a l  c r i t i c a l  
s p e e d  e x i s t s  a t  a b o u t  7 2 5 0  rpm, b u t  i f  i t  i s  n o t  n e c e s s a r y  t o  d w e l l  
n e a r  (+ - 20%) t h i s  speed ,  i t  s h o u l d  b e  s u f f i c i e n t l y  w e l l  damped a s   t o  
be  of li t t l e  consequence.  
The r a d i a l  c o m p l i a n c e  of t h e  KTA s t r u c t u r e  was n e g l e c t e d  i n  t h e  
Phase I1 response  ana lyses  because  the  hous ing  des igns  were d e f e r r e d  
u n t i l   l a t e   i n   t h e   p r o g r a m .  However ,   t he   e f f ec t   o f   hous ing   s t i f fnes s  
o n  t h e  a l t e r n a t o r  r o t o r  v i b r a t i o n a l  b e h a v i o r  was eva lua ted  and  found 
t o  be a s i g n i f i c a n t  f a c t o r .  I f  t h e  f i n a l  h o u s i n g  d e s i g n s  r e v e a l  
e x c e s s i v e  c o m p l i a n c e ,  v e r y  s i m p l e  s t i f f e n i n g  r i b s  or small i n c r e a s e s  
i n  wall  t h i c k n e s s  c a n  b e  i n c o r p o r a t e d  t o  e l i m i n a t e  a n y  r e s o n a n c e  
problems. 
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8.1 BEARING COEFFICIENTS AND EXCITING  FORCES 
For  the  purpose  of c a l c u l a t i n g  t h e  r o t o r  c r i t i c a l  speeds  and 
a c t u a l  r o t o r  v i b r a t i o n  a m p l i t u d e s ,  t h e  b e a r i n g  s t i f f n e s s  and  damping 
c o e f f i c i e n t s  as  a f u n c t i o n  o f  speed  desc r ibed  in  the  p receed ing  sec t ion  
were used. 
The source of s y n c h r o n o u s  l a t e r a l  v i b r a t i o n  d r i v i n g  f o r c e  i s  
mechanical unbalance and a value of 100 micro-inches of r o t o r  mass 
displacement  w a s  assumed i n  Phase 11. Th i s ,  as shown i n   T a b l e  8.1-1, 
i s  about  an  order  of  magni tude  la rger  than  tha t  assumed in  Phase  I 
and r e l a t ive ly  l a rge r  v ib ra t ion  ampl i tudes  cou ld  have  been  expec ted .  
However, as  a r e s u l t  o f  t h e  o p t i m i z a t i o n  of t h e  r o t o r  d e s i g n  
accomplished  during  Phase 11, t h e  a c t u a l  v i b r a t i o n  a m p l i t u d e s  of t h e  
Phase I1 rotors have been minimized. 
The larger  unbalance assumed during Phase 11 i s  considered to  be 
r e a l i s t i c  f o r  r o t o r s  of t he  KTA mass. Most balancing  machines   capable  
of hand l ing  ro to r s  we igh ing  in  the  o rde r  of 1 0 0  t o  400 pounds  have a 
minimum s e n s i t i v i t y  of 25 micro- inches,  and a l lowing  ano the r  25 micro- 
i nches  f o r  o p e r a t o r  t o l e r a n c e  a n d  r e p e a t a b i l i t y ,  a n  i n i t i a l  a s s e m b l y  
ba lance   wi th in  50 micro- inches i s  reasonable .   Since  the  bear ing  and 
seal s leeves  must  be removed a t  a s sembly ,  an  add i t iona l  50 micro- 
i n c h e s  was a l l o w e d  f o r  a s s e m b l y  r e p e a t a b i l i t y  t o l e r a n c e ,  r e s u l t i n g  i n  
a t o t a l  assumed unbalance of 100 micro-inches.  
I n  the   case  of t h e  a l t e r n a t o r s ,  t h i s  unbalance was assumed t o  be 
e q u a l l y  d i s t r i b u t e d  a t  t he   ro to r   po le   p i ece   ends .   In   t he   ca se  of t h e  
t u r b i n e ,  t h e  unbalance was d i s t r i b u t e d  p r o p o r t i o n a l  t o  t h e  r o t o r  mass 
d i s t r i b u t i o n  a t  t h e  s p o o l  end s t a g e s  ( 1 s t  and 8 t h ) .  
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TABU 8.1-1 
ROTOR UNBALANCE 
PHASE I 
UNBALANCE = - = i n -oz .  4w 
N 
.020 i n -oz .  To ta l  for Turb ines  
x .OS0 i n - o z .  T o t a l  for A l t e r n a t o r s  
PHASE I1 
UNBALANCE = 100 m i c r o - i n c h e s  t o t a l  
= .176 i n - o z .  T o t a l  for Turbine  - .57 i n - o z .  T o t a l  for A l t e r n a t o r s  
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Since  the  ro to r  r e sponse  ana lys i s  i s  a l i n e a r  a n a l y s i s  ( s t i f f n e s s  
and  damping c o e f f i c i e n t s  are independent  of  amplitude),   the  amplitudes 
for l a r g e r  (or smaller) va lues  of  unbalance  can  readi ly  be  es t imated  
f r o m  t h e  r e s u l t s  i n c l u d e d  i n  t h i s  r e p o r t  b y  s i m p l y  m u l t i p l y i n g  t h e  
repor ted   ampl i tudes  by the   des i red   unbalance   ra t io .   This   approximat ion  
i s  reasonably  va l id  i f  the  ampl i tudes  are less than 30 percent  of  the 
bea r ing   r ad ia l   c l ea rance .  For l a rger   ampl i tudes ,   the   approximat ion  
begins  to  break  down because  of  the  increased  bear ing  s t i f fness  and  
damping r e s u l t i n g  f r o m  n o n - l i n e a r i t y  i n  t h e  f l u i d  f i l m .  
For  example, i n  t h e  case o f  t he  e l even  s t age  tu rb ine  d i scussed  
l a t e r ,  t h e  a m p l i t u d e  i n  t h e  2 . 5  i n c h  d i a m e t e r  b e a r i n g  a t  design speed 
was about   6 .7   percent  ( ~ X 100)   o f   the   bear ing   c learance .   S ince  
t h e  a n a l y s i s  i s  va l id  to  about  30  percent ,  an  unbalance  up  to  
approximately 450 micro- inches could be val idly considered with the 
p r e s e n t  a n a l y s i s .  The e f f e c t  of   such  an  increase  in   unbalance w i l l  be 
d i s c u s s e d  i n  more d e t a i l  i n  t h e  f o l l o w i n g  s e c t i o n .  
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8 . 2  ELEVEN  STAGE TURBINE (47R199305) 
A comparison of the  Phase I and  Phase I1 s p l i t  s p o o l  t u r b i n e s  
sub jec t ed  to  de t a i l ed  ro to r  dynamics  ana lyses  i s  shown on Figure 8.2-1.  
me Phase 11 des ign  (47R1993051, a l though a l i t t l e  Over two inches  
longe r ,  i s  10 pounds  l i gh te r  t han  t h e  Phase I des ign  because  the  l a t t e r  
was fabr ica ted  f rom the  denser  ASTAR and FS85 ma te r i a l s  a s  opposed  to  
t h e   l i g h t e r  TZM used in   the   Phase  I1 s t u d y .   I n   a d d i t i o n ,  t h e  Phase I 1  
t u r b i n e  r o t o r  w a s  e f f e c t i v e l y  s t i f f e r  t h a n  t h e  P h a s e  I ro tor  because  
of t h e  l a r g e r  d i a m e t e r  c o u p l i n g  and s tub  end  sha f t  (2 .5  inches  v e r s u s  
coupling overhand, and a h i g h e r  r o t o r  m a t e r i a l  e l a s t i c  modulus. 
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47R199271 TURBINE 
(9 STAGES. 5 OVERHUNG) 
34 , 62 
47R199305 TURBINE 
(11 STAGES. 7 OVERHUNG) 
Figure 8.2-1. Phase I and Phase I 1  S p l i t  Spool Turbines. 
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A l l  of t h e s e  f a c t o r s  p l u s  some redes ign  of t h e  t u r b i n e  w h e e l  t o  
b e a r i n g  j o u r n a l  t r a n s i t i o n  p i e c e s  h a s  r e s u l t e d  i n  a ro to r  des ign  where  
t h e  undamped t h i r d  c r i t i ca l  speed i s  well above  opera t ing  speed  ( in  
excess of 30,000 rpm) as  i s  shown on  Figure  8 .2-2.  The r e a d e r  w i l l  
r e c a l l  t h a t  t h e  P h a s e  I s p l i t  s p o o l  t u r b i n e  had a t h i r d  c r i t i c a l  a t  
about 20,000 rpm w h i c h  r e s u l t e d  i n  a minor  resonance  near  des ign  
speed. The b e a r i n g   s t i f f n e s s  character is t ics  f o r   b o t h   h o r i z o n t a l   ( l g )  
and a v e r t i c a l  (Og) o p e r a t i o n  are a l s o  p l o t t e d  o n  t h e  c r i t i c a l  s p e e d  
cu rve  in  F igu re  8 .2 -2  where  i t  can be seen t h a t  undamped resonances 
could be expected a t  5000 rpm and/or 8000 rpm depending upon the  
ope ra   t i on .  
The r e s p o n s e  p l o t s  f o r  h o r i z o n t a l  o p e r a t i o n  w i t h  1 0 0  m i c r o - i n c h e s  
of unbalance  both  in  and out  of  phase  a re  shown on Figures  8 .2-3 and 
8 .2-4 .   Nei ther   o f   these   p lo ts   revea l   any   resonance   peaks  as i s  t y p i c a l  
of  h ighly  damped r o t o r  s y s t e m s  where the bear ings are p r o p e r l y  d i s p l a c e d  
from  the  resonances  nodes.  The out -of -phase   unbalance   re la t ionship  
t e n d s  t o  h a v e  s l i g h t l y  h i g h e r  v i b r a t i o n  a m p l i t u d e s  a s  would  be expected 
s i n c e  i t  t ends  to  accen tua te  the  second  c r i t i c a l  mode which i s  c o n i c a l  
i n  n a t u r e .  
A l though  bo th  the  ho r i zon ta l  and  ve r t i ca l  ro to r  cases  were 
ana lyzed ,  on ly  the  ho r i zon ta l  case i s  p resen ted  as  i t  i s  the most  
i n t e r e s t i n g  and s i g n i f i c a n t .  I t  can   be   seen   on   F igure   8 .2-2   tha t ,  
wi thin  the  speed  range  s tudied  (2000 rpm t o  30,000 r p m ) ,  t h e  v e r t i c a l  
or ze ro  bea r ing  load  case  in t e r sec t s  on ly  the  second  c r i t i c a l  ( a t  
about  5000 rpm). On t h e  o t h e r  h a n d ,  t h e  h o r i z o n t a l  case could  be 
t roub led  by b o t h  t h e  f i r s t  c r i t i c a l  ( a l s o  a b o u t  5000 rpm) and the 
second c r i t i ca l  (8000  rpm) .   Fur thermore ,   the   hor izonta l   opera t ion  
3 30 
" 
(REF, 6,E. h G ,  47R199305) 
( 2 8 5  IN, D I A ,  DRIVE END BEARING) 
F i g u r e  8.2-2. E l e v e n   S t a g e  (7+4) Turb ine   (Rev .   1 ) .  
Cri t i c a l  Speed 
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ICROINCHES  AT 
ICROINCHES AT I N  PHASE 
I I 
I 2,5 TN; 
BEAR I NG 
0 5000 10,000 15,000 20,000 25,000 30,000 
SPEED - RPM 
Figure 8.2-3. Eleven Stage Turbine Response t o  100 Microinches. 
Total Unbalance 
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(REF, C; ,E. DWG , 47R199305) 
33.5 ! ~ I C R O I N C H E S  AT 1ST S T A G E  
66,5 MICROINCHES A T  8TH S T A G E  } OUT OF PHASE 
HORIZONTAL R ~ T O R  
I I 1 I 1 I 
1 
Figure 8.2-4. Eleven Stage  Turbine Response t o  100 Microinches. 
Total Unbalance 
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case might be expec ted  to  have  la rger  ampl i tudes  a t  the  second because  of 
the higher  speed a t  which i t  i s  encoun te red .  In  ac tua l  f ac t  i t  was 
found  tha t  t he  ampl i tudes  fo r  bo th  ope ra t ions  w e r e  w i th in  20 micro- 
inches  of one ano the r  a t  speeds  below  10,000 rpm. For  speeds  in  
excess  of 10,000 rpm t h e  a m p l i t u d e s  f o r  t h e  two o p e r a t i o n s  a r e  
i d e n t i c a l  b e c a u s e ,  a s  c a n  be seen on Figure 8.2-2,  the bear ing 
s t i f f n e s s e s   a r e   i d e n t i c a l .   T h i s  i s  because  the  bear ings,   even  under  
l g ,  are v e r y  l i g h t l y  l o a d e d  and a t  speeds over  10,000 rpm run so  c l o s e  
t o  t h e  c e n t e r e d  p o s i t i o n  as t o  h a v e ,  f o r  a l l  p r a c t i c a l  p u r p o s e s ,  z e r o  
l o a d  s t i f f n e s s  c h a r a c t e r i s t i c s .  
The ampl i tudes  ca l cu la t ed  fo r  t he  100 micro-inches ( .176 in-oz) 
of  unbalance were q u i t e  small - never exceeding 0.3 m i l s .  As was 
i n d i c a t e d  e a r l i e r ,  t h e  a n a l y s i s  i s  va l id  fo r  ampl i tudes  approach ing  
30 percent  of the bear ing clearance before  the assumption of f l u i d  
f i l m  l i n e a r i t y  b e g i n s  t o  b r e a k  down, and i t  i s  p o s s i b l e  t o  e s t i m a t e  
from the resul ts  p r e s e n t e d  h e r e i n  t h e  e f f e c t  of l a r g e r  v a l u e s  of 
unbalance.   Taking  the more severe  out-of-phase  unbalance  case,   the 
2 .5  inch  d iameter  bear ing  ampl i tude  a t  des ign  speed  i s  0.125 mils 
(see Figure 8.2-4) ,  and as  poin ted  out  before ,  approximate ly  450 micro- 
inches ( .791 in-oz)  could be imposed before  the l imit  of t he  theo ry  
w a s  reached. If th i s  unba lance  were d i s t r i b u t e d  as o r i g i n a l l y  assumed 
(33.5 percent  a t  t h e  f i r s t  s t a g e  and 66.5 percent a t  t h e  e i g h t h  s t a g e )  
a p i ece  of material weighing 0.097 02. and  0.111 OZ. a t  t h e s e  two 
r e spec t ive  s t ages  cou ld  be  removed. This  i s  e q u i v a l e n t  t o  a p iece  of 
!t%T 0.1 inches square and 1.64 inches long a t  s t a g e  1 and 1 .87  inches  
long a t  s t a g e  e i g h t .  T h i s  c e r t a i n l y  r e p r e s e n t s  a s i z a b l e  p i e c e  of a 
b lade  (or  p ieces)  tha t  could  be broken  or  e r roded  away and st i l l  have 
c o n f i d e n c e  i n  t h e  a n a l y s i s .  
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Furthermore,  with such a l a r g e  u n b a l a n c e  f o r c e ,  the bea r ing  
ampli tudes are still  q u i t e  t o l e r a b l e  (30 pe rcen t  o f  the c l e a r a n c e )  
and the  maximum sha f t  ampl i tude  (S tage  1) mould be only about 0.001 
inches .  Based upon these numbers it can be concluded tha t  the t u r b i n e  
ro to r  ampl i tudes  even  unde r  extreme cases of unbalance are q u i t e  
t o l e r a b l e  a n d  tha t  t h e  ana lys i s  t echn ique  used  i s  a p p l i c a b l e  f o r  v e r y  
large va lues  of unbalance.  
The t u r b i n e  rotor i s  b u i l t  u p  of the t u r b i n e  d i sks  and to rque  
tubes  he ld  toge the r  by cu rv ic  coup l ings  and  a t ie b o l t .  F o r  the 
purpose of the  dynamic  ana lys i s  i t  was assumed t h a t  the t ie  b o l t  
always provided enough compressive force on the c u r v i c  c o u p l i n g s  to 
prevent   too th   separa t ion   on  the t e n s i l e  side. TO v e r i f y  t h i s  
assumption, the moments a t  the c u r v i c ' s  were ca lcu la t ed  unde r  the  
i n f l u e n c e  of the 100 micro- inch unbalance condi t ion and found to  be 
more than an order of magnitude less than  the moment provided by the 
t i e  b o l t .  It i s  p o s s i b l e  f o r  the c u r v i c ' s  to i n t roduce  ,some unaccounted 
f o r  compl iance  in to  the rotor sys tem s ince  the teeth are i n  H e r t z i a n  
con tac t .  However, because of the l a r g e  number  of teeth (which r e s u l t s  
i n  a pa ra l l e l  sp r ing  a r r angemen t )  and  the high b o l t  l o a d .  (large Hertz 
stress) the j o i n t  s h o u l d  be ve ry  s t i f f  and  neg lec t ing  o f  t h i s  
compliance i s  n o t  c o n s i d e r e d  s i g n i f i c a n t .  D u r i n g  the  f i n a l  d e s i g n  o f  
t he  t u r b i n e  rotor when the  e x a c t  number of teeth and tooth geometry i s  
established, the e f f e c t  of coupling compliance should be checked. 
to  have  resonance  problems usua l ly  assoc ia ted  with the  t h i r d  c r i t i ca l  
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and these problems were a r e s u l t  of the  r e l a t i v e l y  c o m p l i a n t  s t u b  
shaf t s   which  were requi red   to   suppor t   the   mass ive   ro tor .   Fur thermore ,  
i t  was n o t  p o s s i b l e  t o  move t h e  b e a r i n g s  t o  a p o s i t i o n  f a r  enough 
d isp laced  f rom the  nodes  to  be  able t o  realize t h e i r  f u l l  damping 
p o t e n t i a l .  
The a l t e r n a t o r  c o n s i d e r e d  i n  P h a s e  I1 was about seventy pounds 
l i g h t e r  (see Figure 8.3-1) than the Phase I a l t e r n a t o r  b e c a u s e  of t he  
r educed  r a t ing  (from 550 kw t o  450 kw) and lower coolant temperature.  
Furthermore,  as ind ica t ed  on  F igu re  8 .3 -1 ,  t he  des ign  e f fo r t  resulted 
i n  a s i g n i f i c a n t  r e d u c t i o n  of both coupl ing overhang and bear ing span.  
These  changes, a l l  i n  t h e  d i r e c t i o n  o f  s t i f f e n i n g  t h e  r o t o r ,  made 
i t  p o s s i b l e  t o  r a i s e  t h e  t h i r d  c r i t i ca l  s p e e d  t o  i n  e x c e s s  of 40,000 
rpm where it h a s  n o  e f f e c t  o n  t h e  v i b r a t i o n  c h a r a c t e r i s t i c s  of t he  
r o t o r  w i t h i n  i t s  normal  speed  range  ( to 24,000 rpm). T h i s  r o t o r  
s t i f f e n i n g  a l s o  had t h e  b e n e f i c i a l  e f f e c t  o f  r a i s i n g  t h e  s e c o n d  
c r i t i ca l  t o  above operat ing speed as  can be seen on Figure 8.3-2.  
(It w i l l  be recalled tha t  t he  Phase  I a l t e r n a t o r s  were a l s o  t r o u b l e d  
w i t h  t h e  s e c o n d  c r i t i c a l ) .  
The r e s u l t s  of  the  response  ana lyses  for  100  micro- inches  of 
unbalance - b o t h  i n  a n d  o u t  of phase - are shown  on Figures 8.3-3 and 
8 .3-4 .   Again   on ly   the   hor izonta l   ro tor   case  is  shown f o r  t h e  same 
reasons  as e x p l a i n e d  f o r  t h e  t u r b i n e  a b o v e .  The r e s p o n s e  f o r  t h e  
a l t e rna to r  w i th  in -phase  unba lance  i s  q u i t e  t y p i c a l  f o r  a symmetrical 
c r i t i c a l l y  damped sys t em wi th  one  na tu ra l  f r equency  in  tha t  t h e  
a m p l i t u d e s  i n c r e a s e  w i t h  f r e q u e n c y  t o  t h e  v i c i n i t y  o f  t h e  f i r s t  n a t u r a l  
f r e q u e n c y  a n d  t h e n  f l a t t e n  o u t  as  the  c e n t e r  o f  r o t a t i o n  s h i f t s  from 
t h e   g e o m e t r i c a l   t o   t h e  mass c e n t e r .   I n  t h i s  case, t h e  in-phase 
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47R199276  ALTERNATOR 
(STEEL STUB SHAFTS) 
I- 30.12 \ 
263E329  ALTERNATOR 
(STEEL STUB SHAFTS) 
Figure 8.3-1. Phase I and Phase I1 A1 ternators. 
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(REF, G,E, D ~ G ,  263E329) 
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Figure 8.3-2. 450 KW Alterna tor   In tegra l   S tee l  S t u b  Shafts .  
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50 MICROINCHES A T  ROTOR ErdDs - I N  PHASE 
HORIZONTAL ROTOR 
Figure 8.3-3.  450 KW Al te rna tor  - Response t o  100  Microinches. 
Total Unbal ance 
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(REF.  G.E, I h G ,  263E329) 
50 M l C R o I N C H E S  AT ROTOR ENDS - OUT OF PHASE 
HORIZONTAL ROTOR 
SPEED - RPM 
F i g u r e  8.3-4. 450 KW A1 t e r n a t o r  - Response t o  100 M i c r o i n c h e s .  
T o t a l   U n b a l a n c e  
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u n b a l a n c e  a c c e n t u a t e s  t h e  f i r s t  c r i t i c a l ,  which i s  t r a n s l a t o r y ,  and 
t h e  v i b r a t i n g  modes are easy t o  v i s u a l i z e .  
I n  t h e  case of  out-of-phase  unbalance (see F igure  8.3-4) t h e  
u n b a l a n c e  f o r c e s  t e n d  t o  f o r c e  t h e  r o t o r  i n t o  a c o n i c a l  mode and the 
f i r s t  c r i t i c a l  i s  n o t  as  e v i d e n t .  The second c r i t i c a l  dominates   the 
v i b r a t i o n  mode as  would be  expec ted  s ince  ope ra t ion  a t  speeds  over  
10 ,000  rpm i s  c l o s e r  t o  t h e  s e c o n d  t h a n  t h e  f i r s t  c r i t i ca l  and the 
unba lance  phase  accen tua te s  the  second  which ,  i n  th i s  case, i s  c o n i c a l .  
A s  can be seen from Figure 8.3-3 and  -4 ,  t he  v ib ra t ion  ampl i tudes  wi th  
100 micro- inches (.569 in-oz) never exceed 0.225 mils a t  t h e  20 p e r c e n t  
overspeed  condi t ion  and  tha t  cons iderably  more unbalance could be 
t o l e r a t e d   b e f o r e   t h e   a m p l i t u d e s  become e x c e s s i v e .  (The same procedure 
he re  as was d e s c r i b e d  f o r  t h e  t u r b i n e  c a n  be used to estimate ampl i tudes  
and test  the  limits of t h e  a n a l y s i s  f o r  l a r g e r  v a l u e s  o f  u n b a l a n c e . )  
A l t h o u g h  t h e  a l t e r n a t o r  h a s  e x c e l l e n t  d y n a m i c  c h a r a c t e r i s t i c s ,  i t  
h a s  a r e l a t i v e l y  l a r g e  b e a r i n g  power consumption because of the large 
d i a m e t e r  s t u b  s h a f t s  r e q u i r e d  t o  a c h i e v e  t h e  r e q u i r e d  r o t o r  r i g i d i t y .  
The bear ing  losses   are   summarized  on  Table   8 .3-1 and are i n d i c a t i v e  
f o r  t h e  p r i c e  p a i d  f o r  t h e  c o m b i n a t i o n  of r e f r a c t o r y  b e a r i n g s ,  s teel  
s h a f t s  and housings and acceptable  rotor  response.  
8 . 4  HOUSING COMPLIANCE 
F o r  a l l  of t he  c r i t i c a l  speed  and  ro tor  response  ana lyses  
accomplished  during  the  s tudy,  i t  was assumed t h a t  t h e  b e a r i n g  w a s  
r i g i d l y   a t t a c h e d   t o   g r o u n d  (or a s i zab le   mass ) .   Ac tua l ly ,   t he   bea r ings  
are a t tached  to  the  main  machine  hous ing  mass by means  of a s t r u c t u r a l  
member (i.e. a l t e r n a t o r   e n d   b e l l )  which i s  n o t  i n f i n i t e l y  s t i f f .  The 
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TABLE 8.3-1 
ALTERNATOR BEARING POWER LOSSES 
Thrus t  Bear ing  (1 Double Act ing)  
S i z e  (OD x I D )  - I n c h e s  
To ta l   C lea rance  - I n c h e s  
Power Loss a t  1 g - Horsepower 
Jou rna l   Bea r ings  (2) 
Size   (Dia .  x Length)  - I n c h e s  
Assembled Clear. (Diamet ra l )  - I n c h e s  
Power Loss a t  0 g - Horsepower 
S e a l s  & Misc. F l u i d  F r i c t i o n  - HP 
To ta l  A l t e rna to r  Bea r ing  Power  - HP 
6.0 x 4.0 
.005 
27.4 
3.0 x 3.0 
.0045 
1 1 . 0  
8.8 
47.2 
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r -  
compl i ance  o f  t h i s  s t ruc tu ra l  member can be considered as  a s p r i n g  i n  
series w i t h  t h e  b e a r i n g  f i l m  as i s  depicted on Figure 8.4-1.  
The e f f e c t  of  two d i f f e r e n t  a r b i t r a r y  a l t e r n a t o r  e n d  b e l l  s t i f f -  
n e s s e s  o n  t h e  a l t e r n a t o r  r o t o r  v i b r a t i o n a l  c h a r a c t e r i s t i c s  w a s  eva lua ted  
to   de t e rmine   t he   s ign i f i cance   o f   t h i s   compl i ance .  One s t i f f n e s s  
(6.2 x lo5 l b / i n )  w a s  approximate ly  equiva len t  to tha t  o f  t he  end  be l l  
shown on  2633329  whi l e  t he  o the r  s t i f fnes s  (1.5 x lo6 l b / i n )  was a 
va lue  cons idered  e a s i l y  a t t a i n a b l e  by minor  gusset ing of t h e  more 
compliant end bell  components.  
The e q u i v a l e n t  s t i f f n e s s  of the  bear ings  and  these  two housing 
s t i f f n e s s  a s s u m p t i o n s  a r e  shown on Figure 8.4-2 by non- so l id  l i nes .  
I t  can be seen  tha t  the  hous ing  compl iance  has  the  same l o w e r i n g  e f f e c t  
on c r i t i c a l  s p e e d  a s  reducing   the   bear ing   s t i f fness   and   tha t   the   second 
c r i t i c a l  i s  moved c l o s e r   t o   d e s i g n   s p e e d .  The r e s p o n s e   c u r v e s   f o r  
t hese  two c a s e s  a r e  shown on  Figures   8 .4-3  and  -4 .   Figure  8 .4-3 
which i s  the  coupl ing  ampl i tude ,  g raphica l ly  demonst ra tes  the  degrading  
e f f e c t  o n  t h e  v i b r a t i o n a l  c h a r a c t e r i s t i c s  i n t r o d u c e d  by t h e  s o f t  b e a r i n g  
mounts. A s  would  be  expected  from  the c r i t i c a l  s p e e d   p l o t ,   t h e   s o f t e r  
mount (6 .2  x lo5 l b / i n )  shows a d e f i n i t e  r e s o n a n c e  p e a k  i n  t h e  area 
between 20,000 rpm and  25,000 rpm and i s  r a t h e r  p o o r l y  damped. Since 
t h e  b e a r i n g  s t i f f n e s s  a t  2 0 , 0 0 0  rpm i s  of t h e  same o r d e r  (4  x lo5 l b / i n )  
a s  t h e  a s sumed  suppor t  s t i f fnes s  (6.2 x 10 ) ,  about  the  same order  of  
r ad ia l   mo t ion   occu r s   i n   t he   hous ing  as in   t he   bea r ing .   S ince   r ad ia l  
5 
mot ions  in  the  hous ings  do  no t  p roduce  any  s ign i f i can t  damping  fo rces ,  
the  pronounced  resonance  peak would  be expected.  Housing  and  shaft  
motions are shown on Figure 8.4-4 where i t  can be s e e n  t h a t  f o r  t h e  
l o w e r  h o u s i n g  s t i f f n e s s  case the housing ampli tude i s  a c t u a l l y  l a r g e r  
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Figure 8.4-3. Effec t  o f  Housing S t i f f n e s s  on Alternator  Response. 
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Figure 8.4-4. Effect o f  Housing St i f fness  on Alternator Response. 
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than   the   ampl i tude  of t he   j ou rna l   w i th in   t he   bea r ing .   (A l though   t he  
b e a r i n g  s t i f f n e s s  i s  lower  than  the  hous ing  s t i f fnes s ,  t he  bea r ing  
/ 
damping f o r c e s  r e s t r a i n  t h e  m o t i o n  of t h e  s h a f t  w i t h i n  t h e  b e a r i n g .  ) 
I t  s h o u l d  a l s o  be noted on Figure  8 .4-4  tha t ,  depending  upon the  speed  
and s t i f f n e s s ,  t h e  h o u s i n g  a m p l i t u d e s  c a n  b e  s i z a b l e  ( u p  t o  a b o u t  0 . 8  
m i l s )  and  the  ques t ion  of suppor t  s t ruc tu re  f a t igue  mus t  be  addres sed .  
These a n a l y s i s  show t h a t  t h e  s u p p o r t i n g  s t r u c t u r e  c o m p l i a n c e  mus t  
be se r ious ly  cons ide red  a t  t h e  t i m e  of t he  de t a i l ed  des ign  o f  t he  end  
b e l l s .  I t  should,   wi thout  much d i f f i c u l t y ,  be p o s s i b l e   t o   r a i s e   t h e  
s t r u c t u r e  r a d i a l  s t i f f n e s s  t o  a b o v e  1 . 5  x l o6  lb/ in .  which would 
p r a c t i c a l l y  e l i m i n a t e  t h e  p r o b l e m s  i n t r o d u c e d  by a more compliant  
s t r u c t u r e  . 
I t  should be p o i n t e d  o u t  t h a t  i n  t h e  c a s e  of t h e  t u r b i n e ,  t h e  
problem i s  f a r  less severe  because  the  turb ine  opera tes  above  t h e  
second c r i t i c a l  speed (maximum second c r i t i c a l  i s  8000  rpm).  Compliance 
i n t r o d u c e d  i n t o  t h e  t u r b i n e  b e a r i n g  s u p p o r t  s t r u c t u r e s  w i l l  have  the 
tendency to  move t h e  second c r i t i c a l  e v e n  f u r t h e r  away from the 
operat ing speed which w i l l  e l imina te  the  p rob lem of o p e r a t i n g  n e a r  a 
poor ly  damped resonance. Care must  be  taken,  however,   to  avoid  the 
t h i r d  c r i t i c a l  and  the  ac tua l  hous ing  s t ruc ture  ampl i tudes  should  be  
checked i n  t h e  f i n a l  d e s i g n  t o  a s s u r e  t h a t  n o  f a t i g u e  p r o b l e m  e x i s t s .  
8 . 5  COUPLED TURBINE AND ALTERNATOR  (KTA) 
The KTA c o n s i s t i n g  of t h e  47R199305 turb ine  and  the  263E329 
a l t e r n a t o r  was s u b j e c t e d  t o  a la te ra .1  ro tor  dynamics  ana lys i s  and  a 
t o r s i o n a l  c r i t i ca l  speed   ana lys i s .  The r e s u l t s  of t h e  la teral  r o t o r  
r e s p o n s e  a n a l y s i s  are summarized on Figure 8.5-1 which shows the 
348 
" 
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ampl i tudes  of t h e  a l t e r n a t o r  d r i v e  e n d  b e a r i n g  a n d  c o u p l i n g ,  a n d  t h e  
t u r b i n e  c o u p l i n g  a n d  f i r s t  s t a g e .  
"he s o l i d  l i n e s  show the  ampl i tudes  of v i b r a t i o n  o f  t h e  i n d i v i d u a l  
components  (not  coupled)  and the 'dashed l ines  show t h e  a m p l i t u d e s  a t  
t h e  same l o c a t i o n s  ( i f  d i f f e r e n t )  w i t h  t h e  t u r b i n e  and a l t e r n a t o r  
connected  together  by the  diaphragm  coupling.  Those cases where  the 
ampli tudes were iden t i ca l ,  whe the r  coup led  or uncoupled, are shown 
with a dashed-dot ted   l ine .  The resul ts  of two c a s e s  a r e  shown and  both 
have  the  tu rb ine  unba lance  in  phase  and  the  a l t e rna to r  unba lance  ou t -  
of-phase.  "he two cases d i f f e r  i n  t h a t  i n  o n e ,  t h e  a l t e r n a t o r  l e f t  
end  unbalance i s  i n  phase  wi th  the  tu rb ine  unba lance  ( l e f t  +, r i g h t  - )  
and i n  t h e  o t h e r  case t h e  a l t e r n a t o r  l e f t  e n d  u n b a l a n c e  i s  out  of  
phase w i t h  t h e  t u r b i n e  u n b a l a n c e  ( l e f t  - , r i g h t  +>.  
A s  can  be  seen  f rom  these  curves ,  t h e  KTA components  respond t o  
unba lance  fo rces  when coup led  toge the r  a lmos t  exac t ly  the  same as when 
independent  and the  change i n  b a l a n c e  o r i e n t a t i o n  b e t w e e n  t h e  two 
components has a measurable  e f fec t  on  only  the  coupl ing  end  of t he  
a l t e r n a t o r .   T h i s   d e m o n s t r a t e s   t h e   e f f e c t i v e n e s s  of t h e  diaphragm 
coupl ing a s  a v i b r a t i o n  i s o l a t o r  a s  t h e r e  a p p e a r s  t o  b e  o n l y  n e g l i g i b l e  
in te rac t ion   be tween  the   components .   This   fea ture   can  be i n v a l u a b l e  
d u r i n g  t h e  d e t a i l e d  d e s i g n  a n d  d e v e l o p m e n t  t e s t i n g  of the components 
a s  t h e i r  v i b r a t i o n a l  c h a r a c t e r i s t i c s  c a n  be eva lua ted  independent ly .  
The r e s u l t s  of the KTA t o r s i o n a l  c r i t i c a l  speed  ana lys i s  are shown 
on  Figure  8.5-2 which i s  an  angular  mode s h a p e  p l o t  o f  t h e  f i r s t  
t o r s i o n a l  c r i t i ca l  (7248  rpm). NO o t h e r  t o r s i o n a l  c r i t i c a l s  e x i t  
below 30,000 rpm. From the   p lo t   on   F igure   8 .5-2  i t  can be s e e n  t h a t  
t h e  f i r s t  c r i t i c a l  i s  the  mode where  the  turb ine  and  a l te rna tor  masses 
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Figure 8.5-2. First  Torsional  Critical Speed Mode Shape. 
ro t a t e  ou t -o f -phase  wi th  each  o the r  w i t h  most of the  t w i s t  occu r r ing  
i n  t h e  two s tub   shaf t s .   Al though  no  estimate of   tors ional   damping 
w a s  made, t h e  f r i c t i o n  between the s tub shaf ts  and bear ing and seal 
s l eeves  shou ld  p rov ide  su f f i c i en t  damping  to  a l low d r iv ing  th rough  
th i s   r e sonance   w i th   neg l ig ib l e   t o r s iona l   ampl i tudes .  I t  i s  cau t ioned ,  
however, t h a t  p r o l o n g e d  o p e r a t i o n  i n  t h e  v i c i n i t y  (+20%) - of t h i s  
c r i t i ca l  should be avoided as the motion between the s leeves and s t u b  
sha f t   cou ld   even tua l ly   l oosen   t he   s l eeves .   Th i s  would n o t   o n l y  
e l i m i n a t e  t h e  source of t o r s i o n a l  damping bu t  cou ld  a l so  l ead  to  
l a t e r a l  v i b r a t i o n  p r o b l e m s .  
I f  t he  s t a r t -up  sequence  r equ i r e s  p ro longed  ope ra t ion  in  t h e  
v i c i n i t y  of 7200 rpm, the   resonance  point   should be chanced.  This 
could probably be most  easi ly  accomplished by i n t r o d u c i n g  more 
tors iona l  compl iance  in  the  sec t ion  be tween the coupling  diaphragms 
and  thus  lower the  t o r s i o n a l  c r i t i c a l .  
8 . 6  SUMMARY AND CONCLUSIONS 
During  Phase 11, the  t u r b i n e  a n d  a l t e r n a t o r  r o t o r s  were sub jec t ed  
t o  s e v e r a l  c r i t i c a l  s p e e d  and ro tor  response  ana lyses  which  led  to  
s u f f i c i e n t  d e s i g n  i m p r o v e m e n t s  t o  r i d  t h e  r o t o r s  of any  pe rcep t ib l e  
resonance  peaks.  With reasonably   l a rge   va lues  of unbalance (100 micro- 
i nches )  t h e  r o t o r  maximum vibra t ion  ampl i tudes  never  exceed  0 . 4  mils 
a t  the 20 percent   overspeed case. I t  has been   e s t ima ted   t ha t   t u rb ine  
ba lance  degrada t ion  equiva len t  to  removing  about  0 .1  o z .  of  ma te r i a l  
from  each  of  the f i r s t  and e igh th  s t ages  cou ld  be t o l e r a t e d  w i t h  t h e  
r e s u l t i n g  maximum amplitude being less than 1.0 mils a t  t h e  c r i t i c a l  
f i r s t  s t a g e .  With such   an   unbalance   condi t ion ,   the   bear ing   orb i t s  
would  be a t o l e r a b l e  30 percent  of  the  c learance .  
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The t u r b i n e  a n d  a l t e r n a t o r  when coupled together have dynamic 
c h a r a c t e r i s t i c s  a l m o s t  i d e n t i c a l  t o  the  components when opera ted  
independent ly .  This i s  because the diaphragm  coupling has a very  low 
a n g u l a r  s t i f f n e s s  a n d  c a n n o t  t r a n s f e r  a n y  s i g n i f i c a n t  moment from one 
r o t o r  t o  the o t h e r .  This i s  an  ex t remely  desirable feature as each of 
t h e  components can be analyzed and tested independent ly  w i t h  t h e  
assurance ,  t h a t  when assembled toge the r ,  they  will be e f f e c t i v e l y  
dynamically decoupled. 
The KTA h a s  o n e  t o r s i o n a l  c r i t i ca l  speed i n  t h e  range betwen 0 
and 30,000 rpm o c c u r r h g  n e a r  7250 rpm. This first t o r s i o n a l  c r i t i ca l ,  
however,  should be of l i t t l e  c o n s e q u e n c e  s i n c e  s u f f i c i e n t  f r i c t i o n  
damping should be a f fo rded  by the  s t u b  s h a f t  b e a r i n g  s l e e v e s  t o  e n a b l e  
a c c e l e r a t i n g  t h r o u g h  the  c r i t i ca l  with a minimum of a m p l i f i c a t i o n .  
Dwell ing near  t h i s  c r i t i ca l  speed should be avo ided  s ince  the r e l a t i v e  
twist ing motion between the s l e e v e s  and s t u b  s h a f t  may e v e n t u a l l y  
loosen  the s leeves  and  both  e l imina te  the source  of t o r s i o n a l  damping 
and lead t o  l a t e r a l  v i b r a t i o n  p r o b l e m s .  
The e f f e c t  of h o u s i n g  f l e x i b i l i t y  on t h e  a l t e r n a t o r  r o t o r  
v i b r a t i o n a l  c h a r a c t e r i s t i c s  was eva lua ted  and  found to  be a s i g n i f i c a n t  
f a c t o r .  I t  was determined t h a t  the r a d i a l  s t i f f n e s s  of the end be l l s  
shou ld  exceed  1 .5  mi l l i on  lb / in  in  o rde r  t o  min imize  t h e  effect  of 
housing f l e x i b i l i t y  and t h a t  s t i f f n e s s  v a l u e s  a p p r o a c h i n g  1 0  l b / i n  
shou ld  no t  be d i f f i c u l t  t o  o b t a i n  with proper  re inforcement  of  t h e  
more c o m p l i a n t  h o u s i n g  s t r u c t u r a l  e l e m e n t s .  H o u s i n g  f l e x i b i l i t y  i s  
n o t  a s  c r i t i ca l  a c o n c e r n  i n  t h e  turb ine  because  i t  opera tes  above  
7 
t h e  s e c o n d  c r i t i c a l  and a d d i t i o n a l  system compliance fur ther  removes 
the operat ing speed from the  area of the  c r i t i c a l .  
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9. CONCLUSIONS AND RECOWNDATI ONS 
The o v e r a l l  outcome of t h e  d e s i g n  s t u d y  i s  an  ex t remely  pos i t ive  one .  
I t  has been shown t h a t  a l m o s t  a l l  t h e  d e s i g n  p r o b l e m s  i n v o l v e d  c a n  be 
r e so lved  by es tab l i shed  engineer ing  methods .  The m a t e r i a l s  i n c o r p o r a t e d  
are known and  unders tood  to  a c o n s i d e r a b l e  e x t e n t  and i t  appea r s  t ha t  t hose  
manufac tur ing  processes  not  y e t  e s t a b l i s h e d  c a n  be r e so lved  wi th in  a 
r easonab le  time pe r iod .  The a l t e r n a t o r  e s p e c i a l l y  a p p e a r s  t o  be  designed 
t o  a p o i n t  where it could be converted into hardware with a h i g h  p r o b a b i l i t y  
of success .  
The NASA s p e c i f i c a t i o n  o f  700'F f o r  t h e  p o t a s s i u m  l u b r i c a n t  and coo lan t  
was h i g h l y  b e n e f i c i a l  t o  t h e  whole a l t e r n a t o r  d e s i g n .  I t  he lped  in  r educ ing  
e l e c t r i c  l o s s e s  a n d  i t  comple te ly  e l imina ted  c reep  as  a problem i n  t h e  
a l t e r n a t o r  r o t o r  d e s i g n .  The hot   spot   t empera tures   resu l t ing   f rom 700°F 
c o o l a n t  a r e  e n t i r e l y  modest a t  900°F and pose no uncont ro l lab le  problems 
i n  t h e  a l t e r n a t o r  s t a t o r  d e s i g n .  The 700°F c o o l a n t  f o r  t h e  r o t o r  made i t  
p o s s i b l e  t o  u s e  s l o t t e d  p o l e  f a c e s  w h i c h  a l s o  a r e  a n  e s t a b l i s h e d  and r e l i a -  
b l e  method.  The  development  problem  posed by the  ceramic  bore  sea l  and  i ts  
intermetal l ic  connect ions has  been considerably reduced and narrowed down 
by the Phase I1 d e s i g n  e f f o r t .  
The t u r b i n e  a l s o  a p p e a r s  t o  p o s e  RO ex t r ao rd ina ry  des ign  and  rnanufac- 
tur ing problems.  The p rope r  fo rg ing  o f  molybdenum wheels  will r e q u i r e  an  
ex tens ion  of  es tab l i shed  methods  and  acer ta in  amount of l e a r n i n g ,  b u t  t h e r e  
is little doubt that  t h i s  p r o c e s s  will be e s t a b l i s h e d .  The cu rv ic   coup l ing  
t i ebo l t  connec t ion  o f  t he  ro to r  employs  the  t echno logy  o f  t he  th ree  s t age  
potassium test tu rb ine  (Con t rac t  NAS3-8520). The welding of casing  and 
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s t a t o r  has b e e n  d i s c u s s e d  i n  c o n s i d e r a b l e  d e t a i l  a n d  it may be concluded 
t h a t  t h e  ex i s t ing  we ld ing  t echn iques  are e n t i r e l y  a d e q u a t e  t o  b u i l d  up 
s t a t o r  and casing as a welded assembly. 
For the  b i m e t a l l i c  j o i n t  b e t w e e n  T-111 and Cb-lZr, sample welds are 
a v a i l a b l e  t o d a y  w h i c h  i n d i c a t e  t h a t  t h i s  j o i n t  p o s e s  no major problems. 
The l e a r n i n g  p r o c e s s  r e q u i r e d  i n  f a b r i c a t i n g  T-111 is cont inuing under  
c u r r e n t  c o n t r a c t s  a n d  i t  is a n t i c i p a t e d  t h a t  T-111 technology will be f u l l y  
e s t a b l i s h e d  w i t h i n  s e v e r a l  y e a r s .  I t  may be concluded t h a t  from a material 
j o i n i n g  and stress point  of  view the  turbine also could be designed and 
manufactured within a r e a s o n a b l y  s h o r t  time span. 
Some i n t a n g i b l e s  and a number of recognized problems remain which 
r e q u i r e  c l o s e  a t t e n t i o n  a n d  a d d i t i o n a l  d e v e l o p m e n t  e f f o r t .  The greatest 
unknovm i n  wet vapor  turb ine  des ign  remains  the  t u r b i n e  r e s i s t a n c e  t o  
e r o s i o n .  The p r e s e n t  d e s i g n  was based  on t h e  a s sumpt ion  tha t  a t  t i p  s p e e d s  
not  exceeding  850 f t / s e c ,  8 t o  10  pe rcen t  moi s tu re  cou ld  be  to l e ra t ed  in  a 
tu rb ine  s t age  wi thou t  c rea t ing  seve re  pe rmanen t  damage. The results from 
the  three-s tage  potass ium test tu rb ine  (Con t rac t  NAS3-10606) so f a r  have 
not   been  conclusive  on t h i s  p o i n t  Under a c o n t r a c t  addendum,  which  con- 
t i n u e s  t h r e e  s t a g e  t u r b i n e  t e s t i n g ,  e r o s i o n  damage on molybdenum as well as 
Rene'77  blades vrill be s t u d i e d  f u r t h e r .  Under c o n t r a c t  NAS3-12977, f o r  
inves t iga t ing  condensa te  removal ,  t h e  d i f f e r e n t  p o t e n t i a l  m e t h o d s  of 
removing  potass ium condensa te  f rom the  turb ine  ro tor ,  f rom t h e  t u r b i n e  
s t a t o r  and  th rough  vor t ex  sepa ra to r s  a r r anged  in  c ros s -ove r  duc t ing ,  mill 
be s t u d i e d  f u r t h e r  by des ign ,  ana lys i s  and  test. These results will permi t  
the t u r b i n e  d e s i g n  t o  be f i n a l i z e d .  
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9.1 REMAINING PROBLEM AREAS 
Table 9.1-1 p r e s e n t s  a l i s t i ng  o f  t he  r ema in ing  p rob lem a reas  to  be  
cons ide red  in  the  tu rboa l t e rna to r  componen t s .  Long term c reep  da ta  on KDTZM 
needs t o  be acquired t o  conf i rm turb ine  ro tor ,  s tages  one  and  two as well a s  
t he  p re t ens ioned  t i e  bo l t  head  des igns .  The c r e e p  d a t a  u s e d  i n  t h e  KTA 
des ign  are based  on  ex t reme ext rapola t ions  of  shor t  term creep  da ta .  Long 
term creep and stress rupture  information should be acquired before  a t u r -  
b ine  l i fe  of 3 t o  5 years  can  be  predic ted  in  a r e l i a b l e  manner. 
Design stresses are h i g h  i n  t u r b i n e  s t a g e  10 because of design condi- 
t i o n s  r e s u l t i n g  from t h e  NASA reques t  for  condensa te  removal  f rom the  ro tor .  
The t ip  shrouds  and  doveta i l  connec t ions  be tween the  s tage  10 whebl  and t h e  
blades, which are considered necessary for condensate removal from t h e  r o t o r ,  
could be el iminated by adopt ing condensate  removal  f rom the s ta tor .  This  
would reduce stress l e v e l s  c o n s i d e r a b l y  i n  t h e  t u r b i n e  r o t o r .  S t r e s s  l e v e l s  
are a l s o  h i g h  i n  t h e  a l t e r n a t o r  r o t o r  due to  the  combina t ion  of  tempera ture  
and t i p  s p e e d .  A t t e n t i o n  t o  h igh  qua l i ty  in  forg ing ,  machin ing  and  hea t  
t r e a t i n g  t h i s  l a r g e  H-11 piece should produce a s a t i s f a c t o r y  r o t o r .  
F r e t t i n g  is recognized as a problem i n  t h e  p i v o t i n g  p o i n t s  o f  pad 
b e a r i n g s ,  r a d i a l  a s  well as a x i a l .  I t  a l s o  i s  a problem i n  thermal   cycl ing 
of b e a r i n g  e x p a n s i o n  c o n e s  i n  t h e  a l t e r n a t o r  and i n  c u r v i c  c o u p l i n g s ,  
e s p e c i a l l y  when b ime ta l l i c .  Se l ec t ion  o f  appropr i a t e  materials and  designs 
a t  c o n t a c t  p o i n t s  s h o u l d  e l i m i n a t e  f r e t t i n g  a s  a serious  problem. The use 
o f  f l e x i b l e  pad  suspens ion  shou ld  e l imina te  f r e t t i ng  o f  bea r ing  p ivo t  po in t s .  
Leakage within a wet vapor  turbine could lead to  "wire-drawing ' '  erosion 
and  consequently loss of e f f i c i e n c y .  To a v e r t  t h i s ,  s t a t o r  vane  assemblies 
should  be  welded  in to  the  cas ing  and  carb ide  sea ls  should  be connected to  
the  cas ing  by brazing.  
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TABLE 9.1-1 
Creep 
S t r e s s  
Welding 
F r e t t i n g  
Leakage 
Thermal  Fa t igue  
FZMAINING PROBLEM  AREAS 
V i b r a t i o n  F a t i g u e  
E r o s i o n  
Rubbing 
Turbine  S tage  1 & 2 
T i e  B o l t  Head 
Turbine  S tage  10 
A l t e r n a t o r  T h r u s t  B e a r i n g  
A l t e r n a t o r  R o t o r  
T-111 Casing and Rotor 
B e a r i n g  P i v o t  P o i n t s  
Bearing Expansion Cones 
Curvic  Coupl ings  
C a r b i d e  S e a l s  t o  C a s i n g  
S t a t o r  Vanes t o  C a s i n g  
Turbine  Shaf t  Cones  
Bore Seal  
Bearing Support  Frames 
Front  Bear ing  Turbine  
R a d i a l  B e a r i n g s  A l t e r n a t o r  
Turb ine  B lades  S tage  7 & 10 
Honeycomb T i p  S e a l s ,  Open 
B e a r i n g  S u r f a c e s  
B lade  T ip  Sea l s  
I n t e r s t a g e  S e a l s  
Screw Sea ls  
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Thermal  fa t igue i s  a p o t e n t i a l  p r o b l e m  i n  r o t o r  as well as s t a t o r  
w h e r e v e r   a l t e r n a t i n g  stresses a r e  c r e a t e d  by r o t o r   u n b a l a n c e .   P a r t i c u l a r  
a t t e n t i o n  m u s t  be a p p l i e d  t o  the  proper  des ign  of bea r ing  suppor t  f r ames  
i n  a l t e r n a t o r  a n d  t u r b i n e .  
Rubbing   be tween  ro tor   and   s ta tor   can  be c r e a t e d  by ro tor   unbalance ,  
by o p e r a t i o n  i n  or c l o s e  t o  c r i t i c a l  speeds,  and by t h e r m a l  d i s t o r t i o n .  
The p laces  where  rubbing  most  l ike ly  w i l l  t a k e  p l a c e  are t h e  b l a d e  t i p  
seals,  t h e  i n t e r s t a g e  l a b y r i n t h  seals and the screw seals a d j a c e n t  t o  
b e a r i n g s .   I n  a l l  t h e s e  seals mater ia l   combinat ions m u s t  be   chosen   to  
a v o i d  s e i z i n g  a n d  g a l l i n g .  
9.2 FZCOMMENDATI ONS 
Based on the discussion of  Problem Areas, the  fo l lowing  recommenda- 
t i o n s  are made: 
E s t a b l i s h  r e l i a b l e  l o n g - t e r m  c r e e p  a n d  s t r e s s - r u p t u r e  i n f o r m a t i o n  
f o r  KDTZM, t h e  material t o  be  used i n  t u r b i n e  s t a g e s  1 and 2 .  
Avoid condensa te  removal  f rom the  ro tor ,  ins tead  develop  and  u s e  
condensa te  removal  f rom the  s ta tor .  
Fu l ly  e s t ab l i sh  we ld ing  and  hea t - t r ea tmen t  spec i f i ca t ions  fo r  T-111. 
Use f l ex ib l e  bea r ing -pad  suppor t s  i n s t ead  o f  p ivo t  po in t  con tac t s .  
Develop  the  technique  requi red  to  braze  carb ide  seals i n  t h e  c a s i n g .  
E s t a b l i s h  e r o s i o n  t o l e r a n c e  limits pe rmis s ib l e  in  we t -po ta s s ium 
t u r b i n e s .  
Avoid  honeycomb t i p   s e a l s   i n  w e t  s t a g e s  and e s t a b l i s h  e r o s i o n  resis- 
t a n t  r e f r a c t o r y  t i p  seal des ign .  
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Establish non-galling pairs of materials to be used i n  t h e  presence 
of  potassium for blade t ip seals ,  interstage seals  and screw seals .  
Attack processing and technology problems by fabricating components 
such as turbine w h e e l s ,  turbine stator,  alternator bore sea ls ,  a l ternator  
s t a t o r .  
10. ALTERNATE  DESIGN  STUDIES 
10.1 MULTISTAGE  MOISTURE  REMOVAL 
During  the  KTA  study,  an  attempt  was  made  to  identify  ways  to 
minimize  the  amount  of  condensed  moisture in the  turbine  to  reduce 
the  probability  of  erosion. One way  is  to  remove  liquid in each 
stage,  beginning  with  the  fourth  stage  where  the  liquid  fraction 
becomes  significant.  Shown  in  Figure  10.1-1  is  the  variation of 
moisture  fraction  for  several  values of extraction  effectiveness. 
For 25 percent  effectiveness,  the  level  of  moisture  fraction  will 
exceed 8 percent  in  the  latter  stages.  An  effectiveness  of 50 percent 
in each  stage is  required  to keep the  moisture  fraction  below  5 
percent;  this  is an optimistic  level  of  effectiveness  for  interstage 
moisture  extraction. 
A  preliminary  design of  an eleven-stage  turbine  was  made  with 
stator  extraction in stages 4 through 7 and  rotor  and  stator  extrac- 
tion in stages 8 through 10. The moisture  level is shown in Figure 
10.1-2 for two  levels  of  extraction  effectiveness. The effectiveness 
is  expected to  be  greater for the  latter  stages  because  there are 
rotor  and  stator  devices  and  because  rotor  extraction  is  more  effective 
at  lower  pressure  levels. The lower  line  with  effectiveness  values  of 
25 and 50 percent  may  be  optimistic  and  the  middle  line  with  values of 
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10 and 20 pe rcen t  is probably  conserva t ive .  A maximum mois ture  frac- 
t i o n  o f  a b o u t  8 pe rcen t  appea r s  t o  be feasible f o r  t h i s  design.  
.Another may to  minimize the l i q u i d  f r a c t i o n  is t o  remove l i q u i d  
b o t h  i n  i n t e r s t a g e  as well as i n t e r s p o o l  e x t r a c t i o n  d e v i c e s .  Shown 
i n  F i g u r e  10.1-3 is the v a r i a t i o n  o f  m o i s t u r e  f r a c t i o n  i n  a t u r b i n e  
t h a t  h a s  i n t e r s t a g e  e x t r a c t i o n  a n d  a v o r t e x  s e p a r a t o r  b e t w e e n  t h e  
seven th  and  e igh th  stages. The e f f e c t i v e n e s s  o f  i n t e r s t a g e  e x t r a c t i o n  
was assumed t o  v a r y  f r o m  1 6  t o  28 pe rcen t  as t h e  p r e s s u r e  d e c r e a s e d .  
The change i n  s l o p e  of t h e  l i n e  i n  t h e  last  f o u r  s t a g e s  is due t o  t h e  
f a c t  t h a t  the low p r e s s u r e  t u r b i n e  is n o t  limited i n  wheel speed by 
small b l ade  height as is the high p res su re  tu rb ine .  The re fo re ,  more 
work can be done and more mois ture  condensed  in  each s t a g e .  A maximum 
o f  8 p e r c e n t  l i q u i d  is possible compared with about  10 p e r c e n t  f o r  
i n t e r s t a g e  e x t r a c t i o n  o n l y .  U s i n g  two schemes i n s t e a d  of one  does  not  
double  the e f f e c t i v e n e s s  b e c a u s e  the l i q u i d  removed by one device is 
n o t  a v a i l a b l e  t o  the o t h e r .  
10.2 STATOR CONDENSATE FtEMOVAL 
A scheme t h a t  is p a r t i c u l a r l y  a t t r a c t i v e  is moisture removal from 
the t r a i l i n g  e d g e  o f  the s ta tor  vanes .  The  accepted  theory  of t u r -  
b ine  bucke t  e ros ion  is that large l i q u i d  d r o p s  are formed by coagula- 
t i o n  of condensed  moi s tu re  on  s t a t iona ry  su r faces ,  These  d rops  are 
swept  off  of  the vanes by the vapor stream and are s t r u c k  b y  the 
r o t a t i n g  blades which have a much greater v e l o c i t y  t h a n  the large 
drops.   Condensate  removal  from  rotor blades r e q u i r e s  t h e  i m p a c t  of 
drops upon a t  least o n e  r o t o r  blade row, with the r e s u l t i n g  e r o s i o n  
damage.  The a d v a n t a g e  o f  s t a t o r  l i q u i d  r e m o v a l  is t h a t  the l a r g e ,  
363 
I 
EFFECTIVENESS 
0.16 0.18 0.20  0.22  0.24 0.26 0.28 
0.12 
0.10 
0.08 
0.06 
0.04 
0.02 
0 
STAGE 
F igure  10.1-3. Mois tu re  i n  7+4 Turb ine  w i t h  I n t e r s t a g e   a n d   I n t e r s p o o l   E x t r a c t i o n   M o i s t u r e .  
p o t e n t i a l l y  damaging l i q u i d  d r o p s  are removed b e f o r e  t h e y  c a n  c o l l i d e  
w i t h  the r o t a t i n g  b l a d e s .  
Shown in  F igu re  10 .2 -1  is a sketch of a s t a t o r  v a n e  d e s i g n e d  f o r  
l i q u i d  e x t r a c t i o n .  The e x t r a c t i o n  p o r t  c o n s i s t s  o f  a s l o t  i n  t h e  
t r a i l i n g  e d g e  o f  the vane which is connec ted  to  a lower pressure,  so 
tha t  l i q u i d  c a n  be removed by s u c t i o n  f r o m  t h e  t r a i l i n g  e d g e  of t h e  
vane. This scheme has been tested us ing  water/air and steam/air i n  a 
cascade flow tes t  shown in  F igu re  10 .2 -2 .  Water is i n j e c t e d  d i r e c t l y  
on the s u r f a c e  o f  t h e  v a n e  s l i g h t l y  a f t  o f  t h e  l e a d i n g  e d g e  a n d  is 
removed  by suc t ion  f rom the t r a i l i n g  e d g e .  V i s u a l  i n d i c a t i o n  of t h e  
e x t r a c t i o n  e f f e c t i v e n e s s  c a n  be seen  in  F igu re  10 .2 -3 .  The upper 
p i c t u r e ,  t a k e n  with no suc t ion ,  shows water blown o f f  the t r a i l i n g  
edge  by the a i r  stream. The lower  p ic ture ,  with s u c t i o n  a p p l i e d ,  
i n d i c a t e s  that most  of the water is removed. Shown i n  F i g u r e s  1 0 . 2 - 4  
and 10.2-5 are two p l o t s  which are t y p i c a l  o f  the a i r  cascade test 
r e s u l t s .  F i g u r e  1 0 . 2 - 4  i n d i c a t e s  that  s l o t  s ize is a s i g n i f i c a n t  
p a r a m e t e r  b u t  s u c t i o n  d i f f e r e n t i a l  p r e s s u r e  has on ly  a small e f f e c t .  
F igu re  10 .2 -5  ind ica t e s  t ha t  stream Mach number and the amount of 
l i q u i d  p r e s e n t  h a v e  some e f f e c t  on the  e x t r a c t i o n  e f f e c t i v e n e s s .  
These  pre l iminary  results i n d i c a t e  that  under  proper  combinat ion of  
parameters ,  i t  is p o s s i b l e  t o  remove  most  of t h e  l i q u i d  t h a t  is 
p r e s e n t  o n  the s t a t o r  v a n e s .  E v e n  i f  the l i q u i d  on the vanes is a 
small f r a c t i o n  o f  the t o t a l  l i q u i d  p r e s e n t  i n  a tu rb ine ,  t h i s  is the 
l i q u i d  which c o l l e c t s  i n t o  l a r g e  d r o p s  a n d  causes e r o s i o n  damage. 
This promising scheme is a l s o  b e i n g  d e v e l o p e d  i n  the Large Steam 
Turbine Department. 
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Figure 10.2-1. Deta i l s  o f  S ta to r   Mo is tu re   Ex t rac t ion .  
Figure 10.2-2. Trailing Edge Condensate Removal  Cascade. 
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Figure 10.2-3. Trailing-Edge  Condensate Removal - 20 X 40 Mil Slot, 
Velocity 500 fps. 
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10.3 REHEAT 
Another way t o  minimize moisture  is t o  r e h e a t  t h e  w o r k i n g  f l u i d  
a f t e r  i t  h a s  b e e n  p a r t i a l l y  e x p a n d e d  i n  t h e  t u r b i n e .  The working 
f l u i d  may b e  r e h e a t e d  b y  t h e  p r i m a r y  f l u i d  b u t  t h i s  r e q u i r e s  a d d i t i o n a l  
h i g h  t e m p e r a t u r e  d u c t i n g .  I f  t h e  f l u i d  is  r e h e a t e d  by condensing 
potassium vapor,  a heat  exchanger  is requ i r ed  and  the  maximum r e h e a t  
temperature   must   be less t h a n  t h e  o r i g i n a l  s a t u r a t i o n  t e m p e r a t u r e .  A 
p re l imina ry  r ehea t  s cheme  was i n v e s t i g a t e d  i n  w h i c h  t h e  f l u i d  was 
expanded through f ive  s tages ,  rehea ted  to  2100°F and  expanded in  a 
f ive - s t age   l ow  p re s su re   t u rb ine .  The t u r b i n e  f l u i d  d e s i g n  l o o k s  
f e a s i b l e  b u t  no  heat  exchanger o r  mechanical  design  has  been  done. A 
s k e t c h  o f  t h i s  cycle is shown on a Mol l ie r  d iagram in  F igure  10.3-1 
a long  wi th  the  non-rehea t  tu rb ine  expans ion .  The  main a t t r a c t i o n  o f  
t h e  r e h e a t  c y c l e  is t h e  low mois ture  conten t  as shown i n  F i g u r e  10.3-2. 
However, there are seve ra l   d rawbacks   i n  the rehea t   scheme.   F i r s t ,  
t he  h igh  t empera tu re  r ehea te r  and  duc t ing  in t roduce  complex i ty  and  
weight.  Second, the high  temperature  w i l l  cause stress problems  not 
no rma l ly   p re sen t   i n   t he  low p res su re   t u rb ine .   Th i rd ,   t he   f l ow rate 
i s  reduced  fo r  a given power o u t p u t  r e s u l t i n g  i n  smaller b l a d e s  i n  
the  h igh  p res su re  tu rb ine  where  they  are a l r e a d y  q u i t e  small. The 
rehea t  sys tem needs  more s t u d y  f o r  a ' t e c h n i c a l  e v a l u a t i o n .  
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Figure 10.3-1.  Mollier Diagram for Potassium Vapor. 
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Figure  10.3-2.  Moisture in Reheat  Turbine - Reheat  Temperature 21OO0F. 
